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INTRODUCTION 
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Somatostatin  (SST)  a  peptide  hormone  is  widely  produced  in  the  body  and  acts  as  an 
inhibitory  regulator  of  such  important  cellular  functions  as  neurotransmission,  secretion  of  hormones 
and  growth  factors,  and  cell  proliferation  (1,2).  These  actions  are  mediated  by  a  family  of  G  protein 
coupled  receptors  with  currently  five  members  termed  SSTR1-5.  The  ability  of  SST  to  block 
hormone  secretion  led  to  the  application  of  long  acting  analogs  such  as  Octreotide  (OCT)  in  the 
early  1980s,  for  the  treatment  of  hormone  hypersecretion  from  pancreatic,  intestinal,  and  pituitary 
tumors.  A  number  of  subsequent  developments  followed  which  suggested  that  SST  not  only 
inhibited  hormone  hypersecretion  from  these  tumors,  but  also  caused  their  shrinkage  through  an 
additional  antiproliferative  effect.  The  antiproliferative  effects  of  SST  have  since  been  demonstrated 
experimentally  both  in  vivo  in  DMBA-induced  or  transplanted  rat  mammary  carcinomas,  as  well  as 
in  cultured  cells  derived  from  both  endocrine  and  non-endocrine  tumors  (pituitary,  thyroid,  breast, 
prostate,  colon,  pancreas,  lung,  and  brain)  (1,2).  These  effects  involve  cytostatic  (cell  growth 
inhibition)  and  cytotoxic  (apoptotic)  actions,  and  are  mediated  (1)  directly  by  SSTRs  present  on 
tumors  cells  and  (2)  indirectly  via  SSTRs  present  on  non-tumor  cell  targets,  to  inhibit  the  secretion 
of  hormones  and  growth  factors  which  promote  tumor  growth,  inhibit  angiogenesis,  promote 
vasoconstriction,  and  modulate  immune  cell  function.  These  observations  have  generated  great 
interest  in  the  oncological  properties  of  SST  and  led  to  the  approval  of  multi-center  clinical  trials 
by  the  NSABP  (Pittsburgh),  and  the  NCI  Canada,  to  look  at  the  effects  of  SST  with  or  without 
tamoxifen  (TAM),  in  stage  1  and  stage  2  breast  cancer.  Patient  accrual  for  these  trials  began  earlier 
this  year,  and  whilst  their  outcome  will  take  many  years,  expectations  have  already  been  raised  to 
the  point  of  hysteria  in  some  countries  such  as  Italy  over  the  potential  cancer  curing  properties  of 
drug  mixes  containing  SST  (3). 

Several  SSTR  subtypes  and  signal  transduction  pathways  have  been  implicated  in  SST 
antiproliferation  (1,2).  A  SST  sensitive  66  kDa  SH2-domain  containing  protein  tyrosine  phosphatase 
(PTP),  called  SHP-1  (formerly  called  PTP-1C/HCP/SHP/HCP)  which  dephosphorylates  and 
inactivates  growth  factor  receptor  kinases  has  been  shown  to  translocate  from  the  cytosol  to  the 
plasma  membrane  upon  receptor  activation,  and  to  associate  with  SSTRs.  SST  also  inhibits  MAP 
kinase  (MAPK)  activity,  via  PTP-dependent  inactivation  of  raf-1,  or  through  inhibition  of  guanylate 
cyclase.  Our  earlier  studies  have  shown  that  PTP  dependent  antiproliferation  by  SST  involves  both 
cytostatic  and  cytotoxic  (apoptosis)  actions,  and  is  dose-dependent  and  subtype-selective  (4). 
Apoptosis  occurs  only  in  cycling  cells,  uniquely  via  the  SSTR3  subtype,  and  is  associated  with 
induction  of  wild-type  p53  and  Bax  (4).  The  remaining  four  SSTRs  elicit  a  cytostatic  response  by 
inducing  G1  cell  cycle  arrest  due  to  activation  of  the  retinoblastoma  gene  product  pRb  and  the 
cyclin-dependent  kinase  inhibitor  p21  (5).  Our  studies  have  shown  that  whereas  apoptosis  is 
triggered  at  low  agonist  concentration,  (<  10  nM),  cytostasis  is  induced  at  much  higher  (^  25  nM) 
agonist  concentrations.  Overall  this  means  that  acting  via  SSTR3,  SST  will  induce  apoptosis  even 
when  present  at  low  physiological  concentrations,  whereas  it  will  attenuate  the  mitogenic  signal  and 
trigger  growth  arrest  via  SSTR1,  2,  4,  5,  only  at  pharmacological  concentrations.  The  molecular 
signal  in  SSTR3,  that  confers  subtype  selectivity  for  apoptosis  as  well  as  the  downstream  pathways 
for  both  the  cytostatic  and  cytotoxic  actions  of  SST,  are  under  active  investigation  in  our  laboratory 
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and  could  involve  phosphorylation-dependent  modulation  of  p53,  raf-1,  MAPK,  and  other  substrates 
implicated  in  regulating  cell  proliferation. 


LONG  TERM  OBJECTIVES 

The  long  term  goal  of  our  work  remains  unchanged  from  that  defined  in  the  original 
proposal,  and  will  be  to  elicit  the  pattern  of  expression  of  the  five  individual  SSTR  subtypes  in 
breast  tumor,  to  determine  whether  their  pattern  of  expression  can  provide  an  independent 
prognostic  marker,  and  whether  the  SSTRs  are  modulated  by  estrogens  and  antiestrogens  . 
In  addition  we  wish  to  determine  the  subtype-selectivity  for  the  antiproliferative  effects  of  SST, 
as  well  as  the  role  of  PTP,  p53,  and  other  downstream  effectors,  in  mediating  the  cytostatic  and 
cytotoxic  effects  of  SST.  Towards  these  goals  we  have  made  further  progress  during  the  second 
year  of  the  project. 

Specific  tasks  proposed  for  year  2: 

Dr.  Y.  C.  Patel 

1)  RT-PCR  analysis  of  SSTR1-5  in  breast  tumor 

2)  In  situ  hybridization  analysis  of  SSTR1  -5  mRNA  in  breast  tumor 

3)  Immunocytochemical  analysis  of  SSTR1-5  in  tumor  samples 

4)  Anti  receptor  blockade  experiments 

5)  Antisense  knockout  experiments 

6)  Regulation  of  SSTR1-5  by  estrogens/tamoxifen 

Dr.  C.  B.  Srikant 

1)  Studies  correlating  SSTR  binding  with  PTP- 1C  regulation  and  growth  inhibition 

2)  Studies  of  subtype  selectivity  for  PTP- 1C  association  in  CHO-K1  and  COS-7  cells 

3)  Studies  of  subtype  selectivity  for  apoptosis  in  CHO-K  and  COS-7  cells 

4)  PTP- 1C  involvement  in  apoptosis 


DETAILS  OF  PROGRESS 

Expression  of  SSTR1-5  mRNA  in  Human  Breast  Cancer 

Since  there  are  5  known  SSTR  subtypes,  and  since  drugs  like  OCT  target  only  three  of  these 
(SSTR2,3,5),  there  is  great  interest  in  knowing  the  pattern  of  expression  of  SSTRs  in  tumors  such 
as  breast  cancer,  which  subtypes  mediate  the  antiproliferative  responses,  whether  they  involve 
cytostatic  or  cytotoxic  effects,  whether  receptor  expression  correlates  with  known  tumor  markers, 
or  whether  it  can  provide  an  independent  prognostic  index.  1 5-66%  of  primary  human  breast  tumors 
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have  been  reported  to  be  SSTR  positive  by  in  vitro  binding  analysis,  and  75%  to  be  positive  by  in 
vivo  receptor  imaging  with  an  indium  labelled  OCT  analog  (6-8).  Since  there  are  no  pure  SST 
agonists  currently  available  for  any  of  the  individual  SSTR  subtypes  however,  such  binding  analyses 
using  standard  radioligands  do  not  tell  us  about  the  pattern  of  expression  of  the  separate  SSTR 
subtypes.  Expression  of  SSTRs  at  the  mRNA  level  has  been  reported  by  three  different  groups 
(including  our  own)  with  results  that  are  widely  divergent  probably  because  of  methodological 
differences  (9-11).  For  instance,  Vikic-Topic  et  al.,  used  RT-PCR  (without  southern  blots)  for 
analysing  SSTR1-4  (but  not  SSTR5)  in  44  primary  breast  cancers  (9).  They  found  SSTR2  in  all  but 
one  sample,  with  lesser  expression  of  transcripts  for  SSTR1  >  SSTR3  >  SSTR4  (9).  Evans  et  al., 
analysed  51  breast  carcinomas,  also  by  RT-PCR,  but  with  southern  blots  and  found  ubiquitous 
expression  of  SSTR2  (11).  SSTR5  was  expressed  in  30%  of  tumors  but  there  was  negligible 
expression  of  SSTR1, 3, 4,  (2-12%  of  tumors).  The  pattern  of  SSTR  expression  in  both  studies  was 
independent  of  patient  age,  histological  grade  and  levels  of  estrogen  (ER)  and  progesterone 
receptors  (PR). 

During  the  year  we  completed  a  detailed  quantative  analysis  of  SSTR1-5  mRNA  by  RT-PCR 
in  an  additional  batch  of  50  breast  tumor  samples  obtained  from  the  Manitoba,  Breast  Tumor  Bank. 
All  were  ductal  NOS  carcinomas  of  mixed  grades  and  different  levels  of  ER  and  PR.  We  processed 
these  samples  as  a  single  batch  immediately  upon  receipt,  with  minimal  storage  time  using 
quantitative  RT-PCR  methodology,  that  we  have  modified  and  improved  during  the  past  year.  The 
data  were  accordingly  analysed  separately  and  not  pooled  with  our  earlier  analyses  of  90  tumors 
which  had  been  processed  in  several  batches  over  a  period  of  time  with  methodology  that  was  still 
evolving.  As  in  our  previous  analysis  as  well  as  in  the  published  reports,  all  samples  were  positive 
for  SSTR  mRNA  (Figurel  and  Tablel).  33%  were  positive  for  all  five  SSTR  mRNA,  19% 
expressed  four  subtypes,  41%  expressed  three  SSTR  subtypes,  and  7%  were  positive  for  two 
subtypes  (Table  1) .  Thus  all  tumors  in  this  series  expressed  more  than  one  SSTR  isoform.  Of  the 
individual  subtypes,  SSTR2  was  ubiquitously  expressed,  SSTR3  occurred  in  92%  of  tumors,  SSTR1 
in  81%,  SSTR5  in  58%,  and  SSTR4  in  50  %  of  samples.  Mean  SSTR  mRNA  level  (relative  to  actin 
mRNA),  was  the  highest  for  SSTR3  (2.29  ±  0.33),  followed  by  SSTR1  (0.97  ±  0.14),  SSTR2  (0.56 
±  0.06),  SSTR5  (0.43  ±  0.06),  SSTR4  (0.39  ±  0.06).  The  finding  of  high  level  expression  of  SSTR3 
in  breast  tumors  is  exciting,  since  we  have  shown  earlier  that  this  subtype  uniquely  mediates  SST 
induced  apoptopic  cell  death  in  SSTRs  transfected  CHO-K1  cells  (4).  The  results  were  statistically 
analysed  by  Dr.  Michael  Edwards,  Department  of  Epidemiology  and  Biostatistics,  McGill 
University,  who  found  several  potential  pairwise  Pearson  correlations  as  follows  (Fig.  2): 

1 )  A  positive  correlation  between  SSTR2  and  ER  (r,  0.3 1 ,  p  <  0.05). 

2)  A  negative  correlation  between  SSTR2  and  tumor  size  (r,  -  0.33,  p  <  0.04). 

3)  A  trend  towards  a  positive  correlation  between  SSTR2  and  PR  (r,  0.28,  p  <  0.07). 

4)  A  trend  towards  a  positive  correlation  between  SSTR1  and  ER  (r,  0.26,  p  <  0.08). 

5)  A  trend  towards  a  negative  correlation  between  SSTR1  and  lymph  node  status  (yes  or  no),  (r, 
-  0.27,  p  <  0.07). 

6)  A  positive  trend  between  SSTR3  and  tumor  grade  (r,  0.24,  p  <  0.1). 
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Transformation  of  the  variables  to  natural  logarithms  and  squares,  strengthened  the  correlations 
and  helped  to  further  define  these  relationships  (Fig.  2).  The  positive  trend  between  SSTR2  and  ER 
was  also  noted  in  the  90  samples  that  we  had  analysed  previously,  but  the  other  relationships  were 
new.  The  results  from  the  present  samples  also  differed  in  other  regards  from  our  earlier  analyses 
especially  in  the  incidence  and  level  of  expression  of  SSTR5.  Whilst  our  improved  RT-PCR 
methodology  is  one  explanation  for  these  differences,  another  and  more  important  one  comes  from 
recently  acquired  evidence,  that  some  of  the  earlier  batches  shipped  from  Manitoba,  may  not  have 
been  optimally  preserved,  leading  to  RNA  degradation.  The  storage  time  of  the  samples  as  well  as 
their  processing  in  several  different  batches  may  also  have  contributed  to  the  variance.  Rather  than 
waste  time  to  sort  out  the  reliability  of  SSTR  mRNA  analyses  in  the  different  previous  batches,  we 
have  decided  to  keep  the  earlier  results  separate  from  those  of  the  recent  batch  to  maintain  statistical 
purity.  In  general,  the  trends  that  we  are  seeing  now  between  SSTR  expression  and  the  various 
tumor  markers  are  exciting  and  need  to  be  confirmed  with  a  larger  sample  size.  Towards  this  end, 
we  have  already  began  an  analysis  of  an  additional  50  samples  that  are  being  processed  exactly  like 
the  previous  batch  which  should  be  completed  over  the  next  three  months  and  which  will  provide 
the  necessary  statistical  power  to  complete  this  task. 

Expression  of  SSTR  1-5  mRNA  in  Breast  Cancer  Cell  Lines 

Using  the  identical  quantative  RT-PCR  methodology  for  characterizing  SSTR  expression  in 
human  breast  tumor  samples,  we  analysed  ER+,  and  ER',  human  breast  cancer  cell  lines  for  SSTR 
mRNA.  expression.  Like  the  solid  tumors,  the  cell  lines  express  multiple  SSTR  subtypes,  with  no 
obvious  distinction  between  ER+,  and  ER  cell  lines  (Fig.  1,  Table  2).  There  were  however, 
interesting  differences  in  that  the  overall  level  of  SSTR  expression  in  cell  lines  was  less  than  that 
in  the  solid  tumors.  SSTR3,  the  subtype  which  uniquely  induces  apoptosis,  was  well  expressed  in 
the  solid  tumors,  but  relatively  poorly  expressed  in  the  cell  lines.  SSTR5,  a  weak  subtype  in  solid 
tumors  was  relatively  better  expressed  in  the  cell  lines.  These  results  indicate  that  the  various  breast 
cancer  cell  lines,  although  useful  for  studying  SSTR  biology,  do  not  necessarily  reflect  endogenous 
tumor  SSTR  expression  or  function.  A  likely  explanation  for  the  difference  is  the  probable 
induction  of  SSTR  expression  in  solid  tumors  by  circulating  hormones,  or  locally  by  growth  factors, 
cytokines,  and  other  mediators  produced  from  peritumoral  structures,  eg.  stroma,  blood  vessels  and 
immune  cells.  This  is  an  important  new  lead  which  we  are  pursuing  further. 

Expression  of  SSTR1-5  Protein  bv  Immunohistochemistrv 

A  prime  target  of  our  work  has  been  to  characterize  receptor  subtype  expression  directly  at  the 
protein  level  and  towards  this  goal  we  have  made  a  major  investment  in  raising  subtype-selective 
antibodies  suitable  for  immunohistochemistry,  and  Western  blots  (12).  At  the  time  of  submission 
of  this  proposal,  we  had  produced  a  panel  of  antipeptide  rabbit  polyclonal  antibodies  which  detected 
both  rat  and  human  receptors.  These  antibodies  worked  well  and  continue  to  work  well  in 
immunocytochemistry,  but  were  of  low  titre  and  except  for  one  (SSTR2),  did  not  work  in  Western 
blots  which,  limited  their  usefulness  (13-15).  Because  of  this,  we  have  generated  a  second  panel  of 
antibodies,  to  common  rat  and  human  sequences  which  are  of  higher  titre  and  suitable  for  both 
immunocytochemistry  and  Western  blot  analysis  (12).  These  antibodies  were  affinity  purified  and 
shown  to  detect  predominant,  single,  SSTR  protein  bands  of  44-60  kDa,  by  Western  blots  of  rat 
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brain  cortex  (Fig.  3),  and  human  fetal  brain  (Fig.  4).  The  affinity  purified  antibodies  were  also 
characterized  for  immunohistochemistry  by  confocal  immunofluoresence,  and  immunoperoxidase 
in  normal  human  islet  cells  and  rat  aorta  (12,15).  We  have  completed  immunoperoxidase 
immunohistochemistry  of  all  five  receptors  in  20  of  the  recent  50  Manitoba  Breast  Tumor  Bank 
samples  that  we  have  processed  concurrently  for  mRNA  by  RT-PCR  (eg.  Figs.  5,  6).  In  general, 
there  is  a  correlation  between  receptor  subtype  expression  at  the  mRNA  and  protein  levels,  although 
the  relationship  is  not  an  absolute  one.  Tumor  sections,  display  receptor  immunoreactivity  both  in 
tumor  cells  and  in  peritumoral  structures,  especially  blood  vessels,  where  we  have  found  a  rich 
expression  of  SSTR2  and  SSTR1.  Dr.  Peter  Watson,  Pathologist,  University  of  Manitoba,  is 
critically  examining  immunohistochemical  sections  for  SSTR1-5,  in  the  twenty  tumor  samples. 
Frozen  fixed  section  were  received  from  Winnipeg,  processed  for  immunocytochemistry  in 
Montreal,  and  returned  blinded  to  Dr.  Watson.  In  this  way,  we  hope  to  have  an  objective  back  to 
back  comparison  of  immunohistochemistry  with  mRNA.  These  studies  are  still  ongoing,  having 
been  delayed  on  account  of  our  long  distance  pathology  collaboration.  While  we  await  the  results 
of  the  precise  immunohistochemical  analysis,  we  have  began  Western  blots  of  breast  tumor  cell 
lines,  for  a  more  quantitative  accessment  of  receptor  subtype  protein  expression  (Fig.  7).  Because 
of  differences  in  the  level  of  SSTR  expression  in  tumor  cell  lines,  and  solid  tumors,  we  plan  to 
analyse  5-10  tumors  by  Western  blots  and  will  need  to  collect  separate  large  tumor  samples  within 
our  Hospital  for  this  purpose,  since  the  amount  of  tissue  available  from  the  Manitoba,  Breast  Tumor 
Bank,  will  not  be  sufficient  for  these  analyses.  Finally,  our  originally  proposed  plan  to  study  SSTR 
mRNA  expression  by  in  situ  hybridization,  has  been  cancelled  (as  indicated  in  our  year  1  report)  in 
view  of  our  success  with  immunocytochemistry,  which  will  be  a  more  direct  approach  for 
delineating  the  cellular  expression  of  SSTRs  in  tumor  and  peritumoral  structures. 

Antisense  and  Immunoneutralization  Experiments 

We  have  already  made  substantial  progress  in  elucidating  subtype-selectivity  for 
antiproliferation  using  CHO-K1  cells  individually  transfected  with  the  five  receptor  subtypes.  We 
have  shown  that  all  five  subtypes  are  capable  of  inhibiting  cell  growth,  SSTR1,  2,  4,  5,  being 
cytostatic  whereas,  SSTR3  uniquely  induces  apoptosis  (1,2, 4, 5).  As  planned  for  year  two,  we  have 
now  begun  experiments  with  MCF-7  (and  other  breast  cancer  cell  lines),  which  express  several 
endogenous  SSTR  subtypes  to  look  at  the  effect  of  individual  antisense  receptor  knockout  on  cell 
growth.  In  preliminary  experiments,  we  have  shown  a  significant  decrease  in  membrane  SSTR1  and 
SSTR2  expression  (by  binding  analysis  and  immunocytochemistry)  in  MCF-7  cells,  treated  with  10- 
20  pM  antisense  oligonucleotides.  The  effect  on  cell  proliferation  however,  has  been  variable. 
These  are  difficult  experiments  which  we  will  have  to  carefully  master  in  year  three  and  year  four 
as  planned.  The  variable  effects  of  SST  on  cell  proliferation  of  MCF-7,  and  several  other  cell  lines 
tested  is  a  significant  problem  in  our  hands  at  the  moment.  Another  difficultly  is,  that  although 
MCF-7  cells  display  SST  induced  apoptosis,  they  show  negligible  expression  of  SSTR3  in  the  basal 
state.  Whether  SSTR3  is  induced  in  these  cells  by  SST,  or  whether  these  cells  express  another  as 
yet  unknown  SSTR  subtype  which  triggers  apoptosis,  are  questions  that  we  are  actively  pursuing. 

Regulation  of  SSTR1-5  bv  Estropen/T amoxifen 

The  original  experiments  proposed  for  this  task,  were  to  look  at  SSTR  1-5  mRNA  regulation 
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by  estrogens  and  TAM,  in  several  ER+  cell  lines.  We  have  already  shown  that  E2  (10  '7-10  9  M), 
produces  dose  dependent  downregulation  of  SSTR1  mRNA  and  upregulation  of  SSTR3  mRNA  in 
MCF7  cells.  In  the  course  of  these  studies  however,  3  recent  reports  described  the  effect  of  E2  on 
SSTR  mRNA  regulation  in  human  breast  cancer  cells,  and  in  rat  pituitary  with  results  there  are 
contradictory  (16-18).  Using  ribonuclease  protection  assay  for  mRNA  measurement,  Xu  et  al 
studied  five  different  breast  cancer  cell  lines  and  found  SSTR2  expression  in  three,  SSTR5 
expression  in  one  ,  but  no  other  subtypes  in  any  of  the  cell  lines  (16).  This  differs  markedly  from 
our  findings  by  RT-PCR  in  the  same  cell  lines  (Table  2).  E2  treatment  upregulated  SSTR2 
expression  (16).  In  contrast,  in  transplantable  rat  prolactin  secreting  pituitary  tumor  cells,  SSTR2, 
and  SSTR3  expression  are  both  induced  in  vitro  by  E2  treatment  (17),  and  in  the  rat  pituitary  which 
expresses  all  five  SSTRs,  E2  upregulates  SSTR2  mRNA  and  downregulates  SSTR5  mRNA  (18). 
These  reports  have  created  enormous  confusion  with  respect  to  E2  regulation  of  SSTR  subtypes. 
Accordingly,  we  have  extended  our  original  plans  to  investigate  E2  regulation  of  SSTR  mRNA  in 
breast  cancer  cell  lines  by  RT-PCR  analysis  alone,  to  a  more  complete  study  of  the  in  vivo  and  in 
vitro  effects  of  E2  on  SSTR1-5  regulation  in  normal  tissues  and  in  breast  tumor  cell  lines  as 
determined,  both  my  mRNA  (RT-PCR)  and  protein  (Western  blots,  binding  assays)  analysis. 

Structure  Function  and  Regulation  of  SSTR3 

These  are  new  experiments  not  originally  proposed  which  we  have  initiated  because  they  are 
important  to  our  longterm  objectives.  They  arose  from  our  observation  that  SSTR3  is  a  prominent 
subtype  in  primary  breast  tumor  samples  and  that  it  is  the  only  subtype  which  mediates  apoptosis 
(4).  It  is  thus  important  in  the  context  of  our  program  to  characterize  the  regulation  of  SSTR3  gene 
and  the  molecular  signals  in  the  receptor  responsible  for  triggering  apoptosis.  To  get  a  handle  on 
the  regulation  of  SSTR3,  we  cloned  and  sequenced  the  5'  flanking  promoter  region  of  this  gene.  We 
previously  screened  a  human  A  EML3  library  and  isolated  a  A  phage  containing  the  hSSTR3  coding 
region.  We  preformed  restriction  mapping  analysis  of  the  clone,  subcloned  various  genomic  DNA 
fragments  and  sequenced  a  5  kb  DNA  sequence,  5'  to  the  ATG  codon  (Fig.  8).  Promoter  scan 
analysis  showed  that  the  hSSTR3  gene,  like  the  other  four  hSSTR  genes  which  have  been  sequenced 
so  far  is  a  TATA-less  gene.  Several  potential  cis  regulatory  elements  for  SP1,  Ebox,  NFKappa  E2, 
IRF2,  Pit-1,  SRF,  and  CRE  elements  were  identified  (Fig.  8).  The  sequence  has  been  deposited  in 
Genbank  (accession  #  AF068757).  Studies  are  underway  to  map  the  transcription  start  site  and  to 
investigate  promoter  function  with  promoter-CAT  constructs.  Our  second  project  with  hSSTR3  is 
aimed  at  investigating  the  role  of  the  cytoplasmic  C-tail  of  the  receptor  in  inducing  apoptosis. 
Interestingly,  SSTR3  is  the  only  member  of  this  family  whose  cytoplasmic  tail  does  not  possess  a 
palmitoylation  anchor,  shown  in  other  receptors  to  be  important  in  receptor  function  (1).  We  have 
created  by  PCR  three  receptor  mutants  as  follow: 

1)  Deletion  of  hSSTR3  C-tail  to  see  if  it  blocks  apoptosis. 

2)  Introduction  of  a  palmitoylation  motif  in  the  hSSTR3  C-tail  to  see  whether  it  attenuates 
apoptosis. 

3)  Chimeric  hSSTR3/hSSTR5  receptors  substituting  the  C-tail,  TM  domains  6  and  7  and  the  third 
intracellular  loop  of  hSSTR5  with  the  corresponding  region  of  hSSTR3,  to  see  if  such  a  swap 
will  confer  the  ability  to  induce  apoptosis  by  hSSTR5. 
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These  three  mutants  have  been  stably  transfected  in  HEK  cells  and  will  be  tested  with  respect 
to  their  ability  to  induce  apoptosis  with  SST  application.  If  it  turns  out  that  the  C-tail  confers 
apoptosis  then  we  will  conduct  detailed  mutagenesis  experiments  to  identify  the  specific  residues 
involved. 

SSTR  Subtvpe  Selectivity  For  Antiproliferation:  The  Role  of  SHP1  and  Other  Downstream 
Effectors  in  Mediating  Cytotoxic  and  Cytostatic  Signalling 

We  have  investigated  the  mechanism  and  the  nature  of  the  antiproliferative  signalling  of  SST 
leading  to  cytostasis  (cell  cycle  arrest)  or  apoptosis  using  as  models  breast  cancer  cell  lines  and 
heterologous  cells  expressing  each  of  the  five  hSSTR  subtypes.  Earlier  studies  had  reported  that 
OCT  inhibits  the  growth  of  MCF-7  cells  by  inducing  either  apoptosis  or  growth  arrest.  Since  these 
cells  express  several  SSTR  subtypes,  we  set  out  to  resolve  these  contradictory  responses  and 
specifically  to  determine  whether  receptor  subtype  selectivity  could  account  for  either  apoptosis  or 
cell  cycle  arrest.  We  demonstrated  that  OCT  elicits  cytotoxic  responses  in  these  cells  leading  to 
apoptosis  in  a  SHP1  dependent  manner  (19).  This  was  associated  with  a  rapid,  time-dependent 
induction  of  wt  p53  and  an  increase  in  Bax.  These  changes  coupled  with  the  lack  of  induction  of 
pRb  and  p21  (which  negatively  regulates  Gl-s  transition)  suggested  that  its  cytotoxic  action  occurs 
in  cycling  cells.  Additionally,  we  demonstrated  that  OCT-induced  DNA  fragmentation  in  this  cell 
line  is  due  to  selective  activation  of  a  cation  insensitive  acidic  endonuclease  (19). 

Using  CHO-K1  cells  individually  expressing  the  five  hSSTR  subtypes,  we  had  earlier  reported 
that  cytotoxicity  is  induced  solely  via  SSTR3  (4).  In  a  follow-up  study,  we  reported  that  OCT- 
induced  apoptosis  is  associated  with  intracellular  acidification  and  activation  of  a  divalent  cation 
insensitive  acidic  endonuclease  (20).  The  intracellular  pH  of  cells  undergoing  apoptosis  was  0.9  pH 
units  lower  than  that  of  control  cells  (20).  The  effect  of  OCT  on  endonuclease  and  pH  was  inhibited 
by  orthovanadate  as  well  as  by  pretreatment  with  pertussis  toxin  suggesting  that  hSSTR3  initiated 
cytotoxic  signalling  is  PTP-mediated  and  is  G-protein  dependent.  These  findings  indicate  that 
intracellular  acidification  and  activation  of  acidic  endonuclease  mediate  wt  p53  associated  apoptosis 
signalled  by  hormones  acting  via  G  protein  coupled  receptors.  We  have  now  completed  studies 
demonstrating  that  unlike  hSSTR3,  the  remaining  four  hSSTR  subtypes  induce  cytostatic  signalling 
that  triggers  growth  inhibition  (5).  In  CHO-K1  cells  stably  expressing  hSSTRl,2,4  and  5,  we 
showed  that  SST  triggers  G1  cell  cycle  arrest.  This  effect  was  preceded  by  the  induction  of  pRb  and 
the  cyclin-dependent  kinase  inhibitor  p21wafl/ciP' .  The  relative  efficacy  of  the  receptors  to  initiate 
cytostatic  signalling  was  hSSTR5  >  hSSTR2  >  hSSTR4  =  hSSTRl.  Western  blot  analysis  of 
hSSTR5  expressing  cells  revealed  an  increase  in  the  hypophosphorylated  form  of  Rb  following 
agonist  treatment.  hSSTR  initiated  induction  of  Rb  and  G(  arrest  was  inhibited  by  pertussis  toxin 
pretreatment  of  the  cells  and  by  sodium  orthovanadate  suggesting  that  hSSTR5  initiated  cytostatic 
signalling  is  G-protein-dependent  and  PTP-mediated.  OCT  did  not  stimulate  membrane  associated 
PTP  activity  in  vitro  in  hSSTR5  expressing  cells  but  induced  the  translocation  of  cytosolic  PTP  to 
the  membane  in  cells  pretreated  with  the  peptide  (5).  Finally,  in  structure-function  studies  of  the 
cytoplasmic  C-tail  of  hSSTR5,  we  showed  that  progressive  deletion  of  the  C-tail  of  this  receptor 
leads  to  a  progressive  loss  of  its  capacity  for  antiproliferative  signalling  providing  the  first  evidence 
that  the  C-terminal  domain  of  hSSTR5  is  crucial  for  its  cytostatic  signalling  (5). 
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In  order  to  definitively  establish  the  requirement  of  SHP1  in  subtype  selective  SSTR-mediated 
antiproliferative  signalling,  we  have  stably  overexpressed  wild  type  SHP1  or  its  catalytically  inactive 
mutant  SHP1C455S  in  CHO-K1  cells  expressing  either  hSSTR3  or  hSSTR5.  The  transfected  cells 
were  selected  on  the  basis  of  resistance  to  hygromycin  in  G418  containing  medium.  The 
overexpression  of  SHP1  and  its  mutant  protein  has  been  confirmed  by  immunoblot  analysis  and 
measurement  of  phosphatase  activity.  We  have  shown  that  hSSTR3  induced  apoptosis  is  increased 
in  cells  overexpressing  the  active  SHP1  and  is  abolished  in  cells  expressing  the  inactive  mutant 
protein  (Fig.  9).  Detailed  studies  are  underway  to  delineate  the  temporal  sequence  of  events  in 
SHP1 -dependent  signalling  of  apoptosis  via  hSSTR3.  Likewise  the  cytostatic  signalling  mediated 
through  hSSTR5  was  also  found  to  be  SHP1 -dependent  (Fig.  10).  hSSTR5  signalled  increase  in  Rb 
was  greater  in  SHP1  transfected  cells  compared  to  control  cells.  SST  was  unable  to  induce  Rb  in 
cells  expressing  hSSTR5  and  SHP-1C455S. 

These  results  further  confirm  the  potential  therapeutic  utility  of  SST  analogs  in  oncology  and 
have  taken  us  a  step  further  towards  the  possible  treatment  of  SSTR  positive  breast  cancer  cells 
expressing  wt p53.  Our  finding  that  cytotoxic  signalling  occurs  only  via  hSSTR3  at  low  agonist 
doses  compared  to  cytostatic  signalling  through  other  subtypes  at  higher  agonist  concentrations, 
coupled  with  the  finding  of  a  variable  pattern  of  expression  of  the  different  hSSTR  subtypes  in  breast 
tumors  predict  a  varied  outcome  to  SST  pharmacotherapy  depending  on  the  relative  abundance  of 
SSTRs  and  of  the  various  mediators  of  apoptosis  and  cell  cycle  progression. 


CONCLUSIONS: 

1)  Further  analysis  of  primary  human  breast  tumor  samples  for  SSTR  mRNA  expression  by  a 
modified  quantitative  RT-PCR  method  confirms  SSTR  positivity  for  all  tumors  in  this 
additional  series.  Mean  SSTR  mRNA  level  was  the  highest  for  SSTR3  followed  by  SSTR1, 
SSTR2,  SSTR5,  and  SSTR4.  Primary  tumors  thus  display  good  expression  of  the  SSTR 
subtypes,  e.g.  SSTR3,  SSTR2  which  bind  the  octapeptide  SST  analog  OCT  that  is  currently 
used  in  breast  cancer  trials.  The  finding  of  high  level  expression  of  SSTR3  in  primary  tumors 
is  exciting  since  this  is  the  subtype  which  has  been  previously  shown  by  us  to  uniquely  induce 
apoptotic  cell  death. 

2)  Statistical  analysis  shows  a  positive  correlation  between  SSTR2  and  ER,  a  negative  correlation 
between  SSTR2  and  tumor  size,  a  trend  towards  a  positive  correlation  between  SSTR2  and  PR, 
a  trend  towards  a  positive  correlation  between  SSTR1  and  ER,  a  trend  towards  a  negative 
correlation  between  SSTR1  and  lymph  node  status,  and  a  positive  trend  between  SSTR3  and 
tumor  grade. 

3)  Like  solid  tumors,  breast  cancer  cell  lines  express  multiple  SSTR  subtypes  with  no  obvious 
distinction  between  ER+  and  ER'  cell  lines.  The  overall  level  of  SSTR  expression  in  cell  lines 
is  less  than  that  in  solid  tumors.  A  likely  explanation  for  this  difference  is  the  probable 
induction  of  SSTR  expression  in  solid  tumors  by  circulating  hormones  or  locally  by  growth 
factors,  cytokines,  and  other  mediators  produced  from  peritumoral  structures,  e.g.  stroma, 
blood  vessels  and  immune  cells). 
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4)  Western  blot  analysis  of  tumor  cell  lines  for  SSTR1  -5  protein  expression  shows  predominant 
single  bands  ranging  in  size  from  48-60  kDa  whose  presence  correlates  with  SSTR  expression 
by  mRNA  analysis.  Immunocytochemical  analysis  of  primary  tumor  samples  also  shows  a 
correlation  between  receptor  subtype  expression  at  the  mRNA  and  protein  levels  although  the 
relationship  is  not  an  absolute  one.  Tumor  sections  display  SSTR  immunoreactivity  both  in 
tumor  cells  and  in  peritumoral  structures  especially  blood  vessels  which  are  rich  in  SSTR2  and 
SSTR5. 

5)  Sequence  analysis  of  the  hSSTR3  promoter  region  reveals  a  TATA  less  gene  containing 
several  potential  consensus  sites  for  SP1,  Ebox,  and  NFKappa  E2,  IRF2,  Pit-1,  SRF  and  CRE 
elements. 

6)  SST  induces  a  cytotoxic  response  in  MCF-7  cells  leading  to  apoptosis  in  a  SHP1 -dependent 
manner  associated  with  rapid  time-dependent  induction  of  wt  p53  and  an  increase  in  Bax. 
SST-induced  DNA  fragmentation  in  this  cell  line  is  due  to  selective  activation  of  a  cation 
insensitive  acidic  endonuclease.  Likewise,  the  SST-induced  apoptosis  which  occurs  in  CHO- 
K1  cells  transfected  with  the  SSTR3  subtype  is  associated  with  intracellular  acidification  and 
activation  of  a  divalent  cation  insensitive  acidic  endonuclease.  This  effect  is  PTP-mediated 
and  is  G  protein  dependent.  Whilst  SSTR3  is  the  only  subtype  that  induces  apoptosis,  the 
remaining  four  SSTRs  induce  cytostatic  signalling  by  triggering  G1  cell  cycle  arrest  with 
relative  potency  SSTR5  >  SSTR2  >  SSTR4  =  SSTR1.  Like  apoptosis,  this  effect  is  also  G- 
protein  dependent  and  PTP-mediated.  It  involves  the  dephosphorylation  and  activation  of  pRb 
and  the  activation  of  the  cyclin-dependent  kinase  inhibitor  p21 . 

7)  SST  activates  PTP  in  CHO-K1  cells  expressing  SSTR5  by  inducing  the  translocation  of 
cytosolic  enzyme  to  the  membrane  rather  than  direct  activation  of  membrane  associated  PTP. 
Progressive  deletion  of  the  C-tail  of  hSSTR5  in  structure-function  studies  has  shown  that  the 
C-terminal  domain  of  this  receptor  is  crucial  for  its  cytostatic  signalling. 

8)  Overexpression  of  wild  type  SHP1  or  its  catalytically  inactive  mutant  in  CHO-K1  cells 
expressing  either  hSSTR3  or  hSSTR5  has  shown  that  apoptosis  via  hSSTR3  as  well  as 
cytostatic  signalling  mediated  through  hSSTR5  are  both  SHP1 -dependent. 
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Table  1:  Quantitative  analysis  of  SSTR1-5  mRNA  in  primary  ductal  NOS  breast  cancer 
samples  in  relation  to  tumor  histology  and  ER/PR  status 


TB# 

sstrl 

sstr2 

sstr3 

sstr4 

sstrS 

GR 

IV 

STR 

FAT 

ER 

PR 

SIZE 

LN 

10796 

0.83 

nd 

1.12 

0.11 

0.52 

7 

30 

45 

25 

136 

8.2 

1.3 

13 

H 

10870 

0.4 

0.73 

0.31 

0.07 

0.12 

4 

50 

0 

0 

42 

100 

2.1 

6 

11517 

0.36 

0.45 

3.24 

0.03 

0.03 

9 

1 

2 

99 

+ 

10969 

0.08 

0.4 

0.08 

0.12 

0.1 

8 

50 

50 

0 

1.8 

18 

1.9 

5 

10991 

0.15 

nd 

1.68 

0.12 

0.13 

7 

70 

20 

10 

1.5 

!£■ 

4 

98 

11069 

0.08 

0.71 

0.6 

0.18 

0.14 

9 

50 

50 

0 

0.6 

0 

6 

19 

0 

11109 

0.05 

0.35 

1.61 

0 

0.1 

9 

55 

E9H 

0 

0 

5.9 

2.3 

17 

0 

11129 

0.51 

0.86 

1.21 

0 

0.08 

7 

25 

20 

9.1 

56 

1.5 

11 

0 

11188 

0.37 

0.71 

1.38 

0.3 

0.05 

7 

25 

25 

50 

68 

22 

2.5 

5 

0 

11225 

0.15 

0.85 

0.43 

0.04 

0.07 

5 

30 

35 

25 

10.4 

101 

2 

17 

0 

11280 

0.04 

0.77 

0.04 

0.7 

0.09 

6 

40 

40 

20 

36 

182 

1.6 

5 

0 

11287 

0.28 

0.14 

0.9 

0.26 

0.34 

7 

30 

50 

15 

1.5 

10.2 

4.5 

7 

0 

11364 

0.89 

0.42 

0.33 

0.1 

0.07 

5 

60 

0 

0 

143 

134 

4.9 

12 

0 

11416 

0.73 

nd 

2.68 

0.23 

0.06 

8 

50 

45 

0 

76 

86 

2.5 

23 

0 

11465 

0.4 

nd 

1.26 

0.57 

0.14 

5 

60 

0 

0 

88 

42 

3 

5 

0 

11492 

0.69 

0.45 

0.66 

0.05 

0.07 

8 

50 

30 

20 

2.1 

8.1 

3.2 

9 

0 

11522 

5.16 

2.51 

11.6 

0.47 

0.34 

7 

60 

40 

0 

175 

53 

1.3 

8 

0 

11562 

0.37 

0.88 

4.82 

0.19 

0.21 

7 

30 

35 

35 

32 

136 

1.2 

12 

0 

11629 

1.04 

0.82 

0.85 

0.03 

0.04 

6 

40 

50 

10 

29 

54 

3.5 

98 

0 

11644 

0.24 

0.34 

0.4 

0.04 

0.04 

6 

30 

60 

10 

37 

38 

1.2 

16 

0 

11652 

0.87 

0.47 

0.12 

0.07 

0.06 

6 

50 

15 

35 

164 

4.9 

1.6 

9 

0 

11806 

0.13 

1.01 

1.02 

0.09 

0.5 

8 

20 

■ 

60 

32 

386 

1.9 

17 

HHH 

11831 

0.8 

0.27 

1.74 

0.42 

0.32 

6 

30 

Em 

10 

16.6 

48 

3.5 

19 

11833 

1.46 

0.44 

3.61 

2.0 

1.32 

7 

40 

55 

5 

90 

12.4 

3 

10 

11927 

0.46 

0.2 

1.42 

0.3 

0.1 

8 

55 

40 

5 

1.6 

4.2 

99.8 

ii 

10800 

0.12 

0.26 

0.29 

0.03 

0.22 

6 

60 

40 

0 

105 

136 

5.6 

7 

0 

11751 

0.17 

0.52 

1.12 

0.09 

0.04 

8 

20 

30 

50 

1.4 

1.7 

2 

1 

1 

10936 

0.79 

0.91 

0.15 

0.39 

0.1 

6 

40 

0 

0 

60 

197 

4 

6 

6 

10937 

0.07 

0.52 

0.07 

0.06 

0.53 

7 

70 

20 

10 

18.7 

Esm 

0 

m 

11051 

0.1 

0.4 

2.06 

0.06 

0.05 

8 

20 

30 

50 

0 

5 

3 

mm 

i 

11090 

0.15 

0.42 

0.61 

0.09 

0.11 

8 

20 

60 

10 

0.2 

16.1 

EBMI 

EBH 

11332 

0.07 

nd 

0.07 

0.1 

0.07 

5 

40 

55 

5 

143 

44 

E&flH 

15 

11673 

0.64 

0.57 

4.1 

0.84 

0.11 

7 

20 

60 

10 

0.4 

8 

5 

12 

2 

11756 

1.36 

0.55 

0.19 

0.07 

0.31 

6 

30 

60 

20 

63 

3.9 

2.7 

15 

0 

16 


11022 

0.24 

0.54 

0.61 

0.05 

0.04 

8 

35 

40 

25 

1.8 

4.9 

18 

13 

11894 

0.23 

0.16 

0.1 

0.07 

0.05 

7 

25 

50 

25 

2 

IfclEM 

99.9 

15 

3 

11209 

2.37 

0.31 

7.18 

1.4 

0.89 

7 

20 

40 

40 

51 

99.9 

22 

11217 

0.46 

0.14 

1.33 

0.47 

0.14 

7 

50 

45 

0 

72 

38 

99.8 

21 

17 

11662 

0.22 

nd 

0.25 

0.02 

0.03 

6 

25 

25 

50 

115 

115 

99.8 

10 

1 

11727 

0.88 

0.48 

0.32 

0.07 

0.05 

5 

30 

60 

10 

48 

5.5 

99.8 

6 

11869 

0.85 

0.54 

2.3 

0.6 

0.51 

6 

40 

40 

20 

60 

288 

99.8 

15 

10903 

0.67 

0.39 

3.5 

0.03 

0.13 

8 

20 

70 

0 

1.6 

5.7 

3 

6 

kjHH 

10963 

4.27 

0.64 

8.37 

0.95 

2.62 

8 

30 

60 

0 

7 

9 

99.9 

98 

11110 

0.04 

0.45 

2.38 

0.1 

0.05 

8 

40 

30 

30 

1 

3.8 

99.9 

9 

8 

11125 

0.43 

0.59 

0.66 

0.53 

0.81 

7 

40 

30 

30 

196 

224 

99.9 

4 

3 

11772 

0.07 

0.43 

0.36 

0.05 

0.05 

7 

20 

40 

30 

175 

8.8 

99.8 

6 

10994 

0.05 

0.51 

0.39 

0.07 

0.1 

9 

50 

50 

1 

1.9 

4.2 

99.9 

14 

1 

11818 

0.61 

0.46 

2.97 

0.6 

0.34 

8 

40 

40 

20 

1.4 

6.1 

99.9 

6 

1 

SSTR1-5  =  SSTR-1-5  mRNA  expressed  as  fold  increase  compared  to  actin  mRNA 
GR  =  tumor  grade  (Nottingham  scale) 

IV  =  %  invasiveness 
STR  =  %  stroma 
Fat  =  %  fat 

ER  =  estrogen  receptor  levels 
PR  =  progesterone  receptor  levels 

Size  =  tumor  size  in  centimeters,  99.9,  size  unknown;  99.8,  multi-focal 
LN+  =  number  of  positive  lymph  nodes 


Table  2:  Expression  of  mRNA  for  different  SSTR  subtypes  in  breast  cancer 
cell  lines* 


Cell  line 

ER 

status 

SSTR  1 

SSTR  2 

SSTR  3 

SSTR  4 

SSTR  5 

MCF-7 

+ 

0.9  (+++) 

0.33  (+) 

0.07  (+/-) 

0.05  (-) 

0.91  (++) 

MB  231 

- 

0.04  (+/-) 

0.42  (+) 

0.06  (+/-) 

0.08  (+/-) 

0. 14  (+) 

T47D 

+ 

0.04  (+/-) 

0.88  (++) 

0.04  (-) 

0.05  (-) 

0.17  (+) 

ZR75-1 

+ 

0.1  (+) 

0.9  (++) 

0.08  (+/-) 

0.11  (+/-) 

0.06  (+/-) 

+/-  indicates  weakly  positive,  if  at  all 

*  normalized  values  for  SSTR  mRNA  expression  against  actin  control 
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FIGURE  LEGENDS 


FIGURE  1 :  Representative  Southern  blots  of  hSSTRl  -5  obtained  by  RT-PCR  analysis  of  mRNA 
from  14  human  ductal  NOS  tumor  samples  (lanes  1-14)  to  show  the  pattern  of  expression  and 
relative  abundance  (compared  to  P-actin  mRNA)  of  each  subtype.  Quantitative  data  obtained  in  this 
way  for  48  samples  is  summarized  in  Table  1.  The  lane  numbers  (1-14)  correspond  to  the  tumor 
samples  shown  in  Table  1  as  follows:  (1)  11364;  (2)  11332;  (3)  11280;  (4)  10969;  (5)  11806;  (6) 
10994;  (7)  11225;  (8)  10931;  (9)  10870;  (10)  11110;  (11)  11069;  (12)  11225;  (13)  11109;  (14) 
11129.  A  comparison  of  hSSTRl-5  mRNA  in  four  human  breast  cancer  cell  lines  is  represented  by 
lanes  A-D.  (A)  MCF-7;  (B)  MB231;  (C)  T47D;  (D)  ZR75-1. 

FIGURE  2:  Box-whisker  plots  correlating  log  SSTR1  mRNA  with  estrogen  receptor  (ER)  levels 
(top  left  panel),  log  SSTR2  mRNA  and  ER  (middle  left  panel),  log  SSTR2  mRNA  and  progesterone 
receptor  (bottom  left  panel),  log  SSTR3  mRNA  and  tumor  grade  (top  right  panel)  and  log  SSTR2 
mRNA  and  tumor  size  (middle  right  panel).  The  inset  in  the  bottom  right  panel  tabulates  the  pair 
wise  Pearson  correlation  (r)  and  P  values  for  the  nontransformed  SSTR  mRNA  data  against  the 
different  variables  shown. 

FIGURE  3:  Western  blot  analysis  of  SSTR1-5  in  rat  brain  membranes.  35  pg  membrane  protein 
was  fractionated  by  SDS-PAGE  and  probed  with  immunoaffinity  purified  SSTR  antisera  (lane  A  of 
each  pair)  or  antigen  preabsorbed  antibody  (lane  B  of  each  pair).  Major  protein  bands  of  53  kDa 
(SSTR1),  57  kDa  (SSTR2),  60  kDa  (SSTR3),  44  kDa  (SSTR4),  and  58  kDa  (SSTR5)  were  obtained. 
The  bands  were  specific  and  were  inhibited  in  the  presence  of  antigen  absorbed  antibody.  1 0  kDa 
protein  ladder  standards  were  used  for  molecular  weight  estimates. 

FIGURE  4:  Western  blots  of  human  fetal  brain  probed  with  hSSTRl-5  antisera.  Major 
immunoreactive  bands  of 48-50  kDa  (SSTR1),  46-50  kDa  (SSTR2),  52-55  kDa  (SSTR3),  52-55  kDa 
(SSTR4),  and  50-52  kDa  (SSTR5)  were  obtained.  35  pg  human  fetal  brain  membranes  were 
analysed  by  SDS-PAGE  as  described  for  rat  brain  (Fig.  3). 

FIGURE  5:  Adjacent  sections  from  two  ductal  NOS  primary  breast  cancer  samples  (tumor  # 
1 1629  /1 1 110)  analysed  by  peroxidase  immunohistochemistry  for  SSTR1-5  antigens  using  affinity 
purified  SSTR  antibodies.  Note  the  rich  expression  of  SSTR1  and  SSTR2  in  most  tumor  cells  in 
tumor  #11629  (left  hand  panels).  In  tumor  #11110,  SSTR1  and  SSTR3  are  abundantly  expressed 
with  moderate  expression  of  SSTR2  and  SSTR4.  In  both  tumors  SSTR5  is  poorly  localized. 
Magnification  x  400. 

FIGURE  6:  Adjacent  sections  from  two  ductal  NOS  primary  breast  cancer  samples  (tumor  # 
10870/10937)  analysed  by  peroxidase  immunohistochemistry  for  SSTR1-5  antigens  using  affinity 
purified  SSTR  antibodies.  Tumor  #10870  (left  hand  panels)  shows  strong  localization  of  SSTR1 
and  SSTR2  in  tumor  cells  with  relatively  poor  expression  of  the  other  three  SSTR  subtypes.  The 
right  hand  panels  from  tumor  #10937  display  an  arteriole  showing  strong  expression  of  SSTR2  and 
SSTR5  in  the  vessel  wall  especially  in  smooth  muscle  cells.  Magnification  x  400. 
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FIGURE  7:  Western  blot  analysis  of  SSTR1-5  in  human  breast  tumor  cell  lines  MCF-7  and 
MB231.  35  |ig  membrane  proteins  were  analysed  by  SDS-PAGE  with  affinity  purified  SSTR 
antisera  as  described  for  Fig.  3.  Both  cell  lines  displayed  a  major  55-60  kDa  band  for  SSTR1  and 
a  48-52  kDa  band  for  SSTR2.  SSTR5  showed  a  major  50-52  kDa  band  and  a  minor  band  at  65-68 
kDa.  The  intensity  of  SSTR5  expression  was  considerably  weaker  in  MB23 1  cells  compared  to 
MCF-7  cells.  No  immunoreactivity  corresponding  to  SSTR3  or  SSTR4  was  observed  in  either  cell 
line.  These  results  are  in  agreement  with  SSTR  mRNA  expression  by  RT-PCR  in  these  cells  (Table 
2). 

FIGURE  8:  hSSTR3  promoter  sequence  analysis  showing  putative  cis  regulatory  elements  for 
SP1,  Ebox,  NFKappa  E2, 1RF2,  Pit-1,  SRF,  and  CRE  elements. 

FIGURE  9:  See  Figure. 

FIGURE  10:  See  Figure. 


20 


APPENDIX 


1)  Patel,  Y.C.  and  C.B.  Srikant.  Somatostatin  receptors.  Trends  in  Endocrinology  and 
Metabolism  8:398-405,  1997. 

2)  Patel,  Y.C.  Basic  aspects  of  somatostatin  receptors.  In:  Advances  in  Molecular  and  Cellular 
Endocrinology,  D.  LeRoith  (ed),  JAI  Press,  Greenwich,  CT.,  1998  (in  press). 

3)  Sharma,  K.,  Y.C.  Patel,  and  C.B.  Srikant.  C-terminal  region  of  human  somatostatin  receptor 
5  is  required  for  induction  of  Rb  and  G1  cell  cycle  arrest.  Molecular  Endocrinology  1998  (in 
press). 

4)  Kumar,  U.,  R.  Sasi,  S.  Suresh,  A.  Patel,  M.  Thangaraju,  P.  Metrakos,  S.C.  Patel,  and  Y.C. 
Patel.  Subtype  selective  expression  of  the  five  somatostatin  receptors  (hSSTRl-5)  in  human 
pancreatic  islet  cells:  A  quantitative  double-label  immunohistochemical  analysis.  Diabetes 
1998  (in  press). 

5)  Sharma,  K.  and  C.B.  Srikant.  Induction  of  wild-type  p53,  Bax,  and  acidic  endonuclease  during 
somatostatin-signaled  apoptosis  in  MCF-7  human  breast  cancer  cells.  Int.  J.  Cancer  76:259- 
266, 1998. 

6)  Sharma,  K.  and  C.B.  Srikant.  G  protein  coupled  receptor  signaled  apoptosis  is  associated  with 
activation  of  a  cation  insensitive  acidic  endonuclease  and  intracellular  acidification.  Biochem. 
Biophys.  Res.  Commun.  242:134-140, 1998. 

7)  Hukovic,  N.,  R.  Panetta,  U.  Kumar,  M.  Rocheville,  and  Y.C.  Patel.  The  cytoplasmic  tail  of 
the  human  somatostatin  receptor  type  5  is  crucial  for  interaction  with  adenylyl  cyclase  and  in 
mediating  desensitization  and  internalization.  J.  Biol.  Chem.  273:21416-21422, 1998. 

8)  Patel,  Y.C.,  K.  Sharma,  U.  Kumar,  S.  Grigorakis,  P.  Watson,  and  C.B.  Srikant.  Expression  and 
antiproliferative  functions  of  somatostatin  receptors  in  breast  cancer.  Proceedings  Department 
of  Defense  U.S.  Army  Medical  Research  and  Material  Command  Breast  Cancer  Research 
Program:  An  Era  of  Hope,  Washington,  D.C.,  October  31-November  4, 1997. 


21 


1  23456  7  8  9  10  11  12  13  14  A  B  C  D 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  A  B  C  D 

R5.- 

—••H*  -  -  *  •- 


DC  -d 
h- 


(0  I  I 
Q  o  o 

*  £  S 


1 

I  I  I  I  I 
o  o  o  o  o 
CD  Nco  in  t 


SSTR1  SSTR2  SSTR3  SSTR4 


70- 

70  - 

>  i 

70  - 

70- 

50  - , 

* 

1 

o 

LO 

50- 

50  -  -  “ 

40  - 

40- 

40  -  lit*  i 

40- 

SSTR5 


/ 


•\> ,f/  <■ 

v-J'l  v  n .  - 

Ui»* ',  y 

I?" 


X‘  r 

ft*,*. 


» ■' ' 
'(!<■  . 

•/ 


i* 


4^V  ■/'  * 

■:  V 


>' 

1  :  •  # 
!  SSTRl  f  /  j  ■  4 

- -  .  ...  —  Jnftiu.  _ 


/  1. 

■  .  ;l 


i: 


SSTRl 


SSTR2 


SSTR5 


SSTR5 


SSTR1  SSTR2  SSTR3  SSTR4 


r^ 

i 

rH 

CO 

1^ 

i 

rH 1 
CO 

1^ 

i 

1— 1 
CO 

r^ 

i 

pH 

CO 

LL 

C\J 

1 

LL 

(NJ 

1 

U_ 

CNJ 

i 

LL 

OvJ 

O 

CD 

O 

CD 

o 

OQ 

O 

CD 

1 

70  - 


50  - 


40  - 


70  - 


50- 


40- 


70  - 

50  - 
40- 


SSTR5 


MB-231 


CRE 

TCCGT  TTAAT  CTCTGCA AACAAC  CCTGGGA  GGTGGG  TCCGCTT  GTCTTCCATAJHGACG  AAACTGAGGT  GCAGCGGGGAGAAGTGACT  T  GCCCGAGGTCAC  -  3  6  53 


co  co  co 

to  in  in 

in  t  ro 

co  m  co 

l  t  l 


O  <  Eh 

0  O  0 

0  0  < 

E-<  H  < 

0  O  O 

0  0  < 

0  0  M 

0  0  < 

Eh  O  0 

O  H  < 

U  <  H 

0  U  0 

0  0  < 

6  8  6 

O  0  < 

U  0  Eh 

8  6  8 

0  O  0 

<00 
0  <  Eh 

Eh  0  < 

<  <  0 

8  8  S 

0  O  < 

Eh  0  Eh 

0  <  0 

0  <  0 

Eh  0  < 

8  6  8 

0^0 
Eh  0  0 

0  <  0 

0  Eh  0 

0  0  Eh 

<  H  0 

EH  <  EH 

0  0  0 

Eh  0  < 


0  0  0 

8  8  6 

Eh  0  0 

0  0  < 


0  0  0 

<  0  Eh 

0  0  Eh 

0  0  0 


Eh  Eh  0 

H  EH  0 

0  <  0 

Eh  0  Eh 

8  6  6 

0  Eh  < 

Eh  Eh  0 

0  0  0 

B  EH  0 

0  0  H 

<00 
<00 


Eh  0  < 

0  0  Eh 

£h  0  0 


0  0  0 

0  Eh  Eh 

Eh  Eh  0 

H  0  < 

0  Eh  0 

8  0  8 

0  0  < 

<  Eh  0 

<  0  < 

0  Eh  < 

H  0  0 

0  0  Eh 

0  <  Eh 

0  0  0 

<00 
0  Eh  0 

Eh  EH  < 

0  0  0 

Eh  0  0 

0  <  0 

Eh  0  n 

0  0  0 

0  0  0 

%  0  $ 

0  Eh  0 

Eh  <  Eh 

0  <  Eh 

<  0  < 

Eh  <  0 


0 

0 

0 

Eh 

Eh  2  Eh 

0 

0 

0 

Eh 

<  <  Eh 

0 

Eh 

q 

Eh 

0  0  0 

0 

Eh 

< 

0 

0  <  Eh 

< 

Eh 

0 

0 

Eh  g  0 

< 

0 

EH 

0 

Eh  Eh  < 

0 

EH 

0 

< 

0  Eh  2 

0 

0 

0 

0 

0  0  0 

0 

Eh 

0 

Eh 

0  0  Eh 

a 

0 

1 

6 

Eh 

8 

0 

S  8  8 

EH  H  0 

< 

0 

0 

Eh 

0  0  Eh 

8 

< 

8 

< 

Eh 

Eh 

0 

8 

< 

EH  eh  u 
0  Eh  0 
<00 

8 

1 

0 

EH 

8 

0  q  0 

EH  <  EH 

Eh  <  < 

0  0  0 

Eh  0  EH 

0  <  Eh 

0  <  Eh 

0  0  0 

Eh  0  0 

6  8  8 

<  <  < 

0  0  0 

0  0  Eh 

0  0  0 

Eh  0  Eh 

Eh  H  0 

Eh  0  < 


0  Eh  < 

0  0  0 

<  <  Eh 

0  0  Eh 

<  Eh  < 


Eh  0  Eh 

0  Eh  L 

0  0^J  E- 

<  Entf  c 

0  <C0  £■ 

0  0  ri 

0  Eh  C 


0  0  Eh 
Eh  Eh  Eh 


(0 

co 

CO 

CO 

co 

CO 

CO 

co 

in 

in 

in 

in 

in 

m 

m 

in 

CO 

r- 

ID 

m 

«T 

CO 

CM 

t— 1 

CM 

1 

CM 

1 

CM 

t 

CM 

1 

CM 

1 

CM 

1 

CM 

1 

CM 

1 

EH 

0 

< 

q 

0 

0 

EH 

< 

< 

0 

Eh 

0 

0 

Eh 

0 

Eh 

0 

0 

0 

Eh 

0 

0 

Eh 

0 

Eh 

0 

0 

< 

EH 

0 

0 

2 

q 

EH 

Eh 

Eh 

E-J 

0 

0 

0 

0 

0 

0 

0 

< 

< 

EH 

0 

0 

0 

0 

0 

Eh 

0 

0 

< 

0 

0 

< 

< 

0 

< 

0 

0 

0 

0 

Eh 

0 

< 

0 

Eh 

0 

0 

0 

0 

Eh 

< 

EH 

< 

0 

0 

0 

0 

0 

0 

0 

0 

0 

< 

0 

< 

EH 

EH 

0 

0 

EH 

0 

q 

q 

< 

EH 

EH 

0 

0 

< 

0 

< 

0 

0 

0 

0 

0 

Eh 

0 

0 

8 

EH 

< 

EH 

0 

0 

< 

Eh 

EH 

0 

0 

0 

EH 

0 

0 

< 

0 

0 

EH 

< 

< 

0 

< 

0 

0 

0 

< 

Eh 

0 

< 

Eh 

EH 

Eh 

q 

0 

Eh 

Eh 

Eh 

2 

0 

0 

0 

< 

0 

0 

0 

0 

Eh 

0 

0 

0 

0 

0 

0 

0 

Eh 

0 

< 

< 

< 

0 

0 

< 

0 

Eh 

0 

0 

0 

Eh 

0 

< 

0 

Eh 

0 

< 

< 

0 

H 

0 

EH 

Eh 

0 

0 

0 

0 

0 

EH 

0 

< 

EH 

0 

Eh 

0 

0 

Eh 

0 

< 

0 

EH 

0 

0 

0 

< 

0 

EH 

Eh 

0 

0 

Eh 

0 

0 

Eh 

0 

Eh 

0 

< 

0 

0 

Eh 

0 

Eh 

0 

0 

< 

0 

0 

0 

2 

0 

0 

EH 

0 

EH 

< 

Eh 

0 

0 

0 

0 

0 

0 

0 

2 

0 

EH 

0 

0 

EH 

Eh 

< 

2 

< 

Eh 

0 

Eh 

0 

EH 

0 

2 

0 

0 

0 

0 

0 

< 

0 

0 

0 

0 

Eh 

0 

EH 

0 

< 

0 

0 

0 

0 

0 

< 

< 

0 

EH 

0 

0 

0 

< 

0 

< 

0 

0 

0 

Eh 

0 

0 

0 

EH 

0 

0 

0 

k 

0 

0 

EH 

0 

< 

0 

0 

0 

0 

< 

& 

Eh 

0 

Eh 

< 

0 

EH 

0 

0 

Eh 

< 

0 

0 

0 

0 

Eh 

< 

< 

0 

0 

0 

0 

0 

0 

< 

< 

< 

< 

< 

< 

0 

Eh 

O 

0 

0 

EH 

0 

0 

q 

0 

0 

0 

Eh  <  Eh 

0  0  Eh 

Eh  0  0 

0  0  0 

Eh  0  Eh 

0  Eh  Eh 

Eh  0  0 

0  0  0 

Eh  Eh  Eh 

<00 
0  Eh  0 

^66 

8  8  8 

6  8  8 

0  EH  o 

0  0  0 

Eh  0  0 

0  0  0 

0  0  < 

Eh  0  Eh 

Eh  0  Eh 

0  <  < 

Eh  0  < 

0  0  < 

0  0  0 

0  0  0 

0  0  Eh 

0  <  0 

6  £  8 

0  0  < 

0  0  < 

<  <  0 


CO 

co 

CO 

CO 

co 

co 

(0 

in 

m 

in 

to 

m 

m 

m 

ID 

in 

00 

CM 

rH 

0 

H 

1 

«H 

1 

rH 

1 

rH 

1 

rH 

1 

t*H 

rH 

1 

0 

Q 

0 

Q 

< 

0 

0 

< 

0 

< 

0 

0 

0 

< 

0 

0 

0 

O 

< 

0 

0 

Eh 

< 

< 

0 

Eh 

EH 

Eh 

0 

0 

(5 

0 

0 

0 

0 

0 

Eh 

Q 

< 

0 

0 

0 

0 

0 

Eh 

< 

0 

0 

8  g  i 
8  6  3 


0  Eh  Eh  Eh 

0  0  <  < 

Eh  Eh  0  0 


0  CO  CO  0 

to  uo  in  in 

oo  r-  id  m 

i  I  i  i 


EH  H  0  0 

0  Eh  0  H 

0  <  <  0 

EhCN  <  0  0 


CO  co  co 

in  >0  m 

-T  CO  CM 

I  I  I 


8  5  g 

t  %  8 
0  0  0 
Eh  <  0 
0  0  O 


0 

EH 

0 

< 

0 

0 

Eh 

0 

0 

t-i 

8 

Eh 

EH 

0 

EH 

Eh 

0 

Eh 

EH 

< 

EH 

0 

< 

Eh 

< 

0 

< 

Eh 

< 

< 

0 

EH 

0 

H 

< 

0 

0 

0 

q 

0 

< 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

EH 

0 

q 

0 

0 

0 

0 

0 

< 

< 

< 

0 

0 

< 

(5 

0 

Eh 

0 

0 

0 

0 

< 

0 

0 

< 

Eh 

Eh 

Eh 

0 

0 

0 

0 

< 

0 

0 

0 

0 

Eh 

0 

0 

EH 

0 

0 

Eh 

0 

0 

0 

0 

< 

EH 

0 

Eh 

0 

0 

< 

< 

< 

< 

0 

0 

0 

0 

0 

0 

£h 

e 

Eh 

0 

Eh 

0 

0 

Eh 

< 

0 

0 

Eh 

0 

0 

0 

0 

< 

0 

Eh 

< 

Eh 

Eh 

0 

0 

< 

0 

EH 

0 

0 

0 

0 

0 

0 

0 

EH 

0 

0 

< 

0 

0 

q 

Eh 

0 

Eh 

< 

0 

Eh 

EH 

Eh 

< 

0 

< 

Eh 

Eh 

0 

< 

0 

0 

0 

< 

q 

< 

3 

Eh 

0 

O 

0 

< 

Eh 

0 

0 

0 

0 

< 

Eh 

0 

Eh 

0 

0 

< 

< 

0 

0 

< 

< 

O 

0 

Eh 

0 

q 

0 

0 

0 

Eh 

0 

0 

0 

q 

< 

0 

Eh 

0 

< 

< 

0 

Eh 

< 

< 

Eh 

0 

0 

< 

0 

Eh 

0 

Eh 

Eh 

< 

Eh 

EH 

Eh 

0 

0 

< 

EH 

0 

0 

0 

0 

0 

0 

< 

0 

0 

Eh 

Eh 

Eh 

0 

0 

< 

0 

0 

< 

0 

0 

0 

< 

0 

0 

< 

< 

0 

Eh 

Eh 

0 

0 

< 

0 

0 

0 

EH 

0 

0 

Eh 

0 

2 

0 

0 

0 

0 

< 

0 

0 

q 

0 

0 

q 

Eh 

0 

Eh 

0 

Eh 

< 

fi 

2 

Eh 

Eh 

0 

Eh 

0 

Eh 

0 

< 

Q 

EH 

0 

< 

0 

Eh 

EH 

q 

3 

0 

< 

0 

< 

Eh 

Eh 

EH 

EH 

0 

0 

0 

0 

0 

< 

0 

0 

Eh 

0 

0 

< 

q 

0 

Eh 

Eh 

0 

0 

< 

Eh 

Eh 

0 

< 

0 

< 

0 

< 

O 

0 

Eh 

Eh 

q 

< 

0 

< 

u 

0 

0 

0 

0 

0 

Eh 

0 

0 

0 

0 

Eh 

0 

Eh 

< 

0 

0 

0 

0 

Eh 

3 

0 

< 

EH 

0 

EH 

0 

O 

0 

Eh 

< 

Eh 

0 

0 

0 

< 

Eh 

EH 

0 

0 

0 

< 

0 

0 

Eh 

< 

O 

Eh 

0 

< 

Eh 

0 

0 

q 

2 

< 

0 

0 

< 

0 

Eh 

0 

3 

< 

Eh 

Eh 

0 

O 

< 

EH 

Eh 

0 

0 

< 

0 

2 

Eh 

0 

0 

0 

< 

< 

< 

Eh 

EH 

0 

< 

0 

0 

< 

0 

< 

0 

Eh 

2 

0 

0 

3 

Eh 

q 

0 

< 

0 

EH 

0 

0 

0 

0 

< 

0 

Eh 

0 

0 

0 

0 

0 

< 

2 

< 

Eh 

< 

0 

0, 

r-A 

< 

0 

< 

< 

< 

0 

< 

< 

Eh 

< 

Eh 

0 

< 

0 

0 

0 

0 

0 

< 

< 

q 

0 

0 

0 

0 

Eh 

0 

Eh 

EH 

EH 

0 

Eh 

0 

0 

< 

0 

0 

0 

Eh 

0 

0 

3 

3 

0 

0 

< 

0 

0 

< 

0 

Eh 

0 

0 

0 

Eh 

2 

0 

Eh 

0 

Eh 

E-t 

Eh 

0 

0 

< 

0 

0 

0 

0 

< 

< 

0 

0 

Eh 

< 

EH 

Eh 

Eh 

0 

< 

< 

< 

Eh 

0 

EH 

3 

< 

3 

0 

2 

Eh 

0 

0 

0 

3 

2 

0 

£h 

0 

Eh 

0 

< 

2 

0 

0 

0 

Eh 

0 

2 

Eh 

q 

H 

0 

< 

0 

0 

< 

0 

0 

Eh 

0 

0 

Eh 

0 

Eh 

0 

0 

in 

<  Eh  0 


<  Eh  0 

8  8  5 

0  Eh  0 

0  <  < 

fi  8  B 

<  <  £h 

0  Eh  Eh 

0  0  Eh 

<  Eh  < 

0  Eh  Eh 

<  <  0 

8  8  Eh 


0  <  < 
6  6  6 
S  8  £ 


<  <  Eh 

Eh  0  Eh 

8  8  8 

EH  EH  0 


0  0  Eh 

0  <  0 

<  0  H 

0  0  0 

0  EH  EH 

<  EH  eh 

0  0  < 

0  0  0 

6  6  S 

8  8  8 

0  EH  EH 

0  0  0 

Eh  0  0 

Eh  <  0 

<  <  Eh 


0  0  0 

<  0  < 

O  <  0 

0  0  0 

0  eh  q 

000 

a  a  s 

0  o  .0 

8  8 

H  H  0 

0  0  0 

0  Eh  0 

a  8  8 

Eh  Eh  < 

H  0  0 

0  0  0 

0  Eh  0 

<  0  H 

0  <  0 

0  Eh  Eh 

<  Eh  Eh 

0  0  0 

EH  0  Eh 

0  0  0 

0  Eh  Eh 

<  0  Eh 

8  8  8 

EH  0  eh 

0  0  < 

<  Eh  < 

Eh  0  0 

<  0  < 

0  <  0 

0  0  H 

<00 
EH  Eh  0 

<00 
0  Eh  < 

Eh  0  0 

<  <  0 

0  0  0 

<  0  < 

0  0  0 

0  0  Eh 

6  6  6 

000 

0  Eh  0 

EH  0  0 

0  0  < 

0  Eh  Eh 


0  0  0 

0  <  < 

0  eh  q 

Eh  Eh  < 

0  0  0 


0  0  0  < 
Eh  0  Eh  < 
<  0  Eh  0 

Eh  <  0  0 

Eh  0  0  Eh 

EH  <  0  0 

6  8  8  8 
6  B*5fr8 

6  8?^ 
eh  0  l  C  ft  C 
U  0fci  E  E- 
Eh  0fcEH  2 
0  B  0  < 

0  0  0  0 
Eh  <  0  0 

0  0  0  < 

Eh  0  0  < 

EH  Eh  <  < 

0  0  H  0 

8  8  S  g 
2  8^8 
g  g  8  8 


<  0  <  0 

EH  0  0  0 

0  <  Eh  0 

<  0  Eh  < 


0  0  <  0 

<000 


0  0  0  < 
S  3S8  g 

EH  0  «  0  o 

<  0  S.E  0 

0  Eh  aL  < 

0  0  « t  O 

0  0  MA  0 

Eh  0  I  C  0 

<  0  £  L  Eh 

0  0  O 

8  8  g  g 

6808 

0  <  0  Eh 


Eh  <  0  0 

H  |h  0  H< 

<  Eh  Eh  < 

Eh  <  0  0 

6  8  6  8 

0  <  Eh  0 

0  O  0  EH 

<000 
0  0  Eh  H 

Eh  0  Eh  0 

0  0  Eh  0 

Eh  Eh  0  0 


0  <  0  0 

Eh  0  <  < 

H  0  <  < 

0  Eh  0  Eh 

Eh  Eh  <  0 

Eh  Eh  O 

0  Eh  |0  < 


0  Eh  EH  0 

o  0  0  q 

0  Eh  0  < 

<<00 
0  <  0  Eh 

0  <  O  0 


<  Eh  U 

<  H  0 

0  O  Eh 

Eh  <  0 

0  0  < 

Eh  0  0 

0  0  Eh 

0  <  0 

H  <  0 

<00 
0^0  < 
0C5  0 

Eh  < 

<^<  0 

8fo|  < 

0  0  0 

0  0  < 

0  Eh  0 

0  Eh  0 

<00 
Eh  Eh  Eh 

Eh  0  < 

Eh  0  0 

0  <  Eh 

<  0  Eh 

0  <  0 

0  0  < 

Eh  0  0 

0  0  Eh 

0  0  < 

<  0  Eh 


Eh  Eh  (J 
< 


0 

<  Eh  0 

0  Eh  Eh 

<  Eh  Eh 


0 

0 

EH 

3 

Eh 

< 

< 

0 

0 

0 

EH 

EH 

2 

2 

0 

0 

0 

0 

0 

0 

Eh 

Eh 

Eh 

0 

Eh 

0 

< 

Eh 

< 

< 

0 

0 

Eh 

0 

(5 

0 

Eh 

0 

0 

0 

0 

El 

£ 

2 

0 

u 

0 

0 

0 

Eh 

0 

0 

< 

3 

0 

0 

0 

0 

0 

0 

Eh 

0 

0 

3 

< 

0 

0 

< 

< 

< 

0 

0 

0 

0 

< 

0 

EH 

< 

0 

0 

0 

0 

< 

0 

0 

3 

Eh 

0 

0 

Eh 

< 

O 

0 

2 

EH 

< 

< 

Eh 

0 

0 

0 

O 

Eh 

0 

< 

< 

< 

0 

Eh 

< 

0 

3 

3 

2 

0 

3 

0 

Eh 

0 

0 

Eh 

0 

0 

2 

Eh 

0 

< 

Eh 

< 

0 

0 

< 

< 

2 

0 

0 

0 

< 

EH 

< 

2 

0 

0 

0 

0 

EH 

EH 

EH 

EH 

0 

3 

0 

Eh 

Eh 

0 

0 

EH 

3 

0 

< 

0 

0 

0 

0 

0 

0 

EH 

0 

< 

EH 

0 

0 

< 

0 

0 

< 

EH 

0 

< 

0 

< 

Eh 

0  0  3 

Eh  0  n 

066 

8  8  81 
0  Eh  <1 
0  <  0 


0  Eh  0 

0  Eh  0 

0  0  Eh 

EH  q  0 

eh  <  0 

000 

0  0  < 


3 

Eh 

is 

3 

< 

0 

< 

0 

0 

< 

0 

0 

0 

< 

2 

q 

0 

0 

0 

0 

EH 

EH 

0 

0 

< 

0 

Eh 

0 

0 

< 

0 

Eh 

0 

< 

Eh 

Eh 

3 

0 

0 

< 

0 

0 

0 

Eh 

Eh 

Eh 

Eh 

Eh 

0 

Eh 

Eh 

Eh 

0 

0 

Eh 

Mcommrommnromfommm 

lOiAtoinmininintoinmioinin 

Ottcor-ttin^rncsi.HOmcor- 

I  l  I  I  I  l  l  l  l  l  l  I  I  i 


Eh 

O 

0 

0 

0 

< 

0 

o 

< 

0  p  R 

0 

0 

y 

0 

Eh 

l') 

O 

o 

0 

o 

0 

0  0  0 

< 

n 

< 

Eh 

U 

< 

EH 

Eh 

< 

0 

0 

<  « 

J  0 

a 

0 

0 

0 

H 

0 

o 

0 

0 

o 

0 

0  < 

1  0 

R 

0 

0 

H 

rf 

Eh 

o 

o 

0 

0 

0 

0  C 

)  0 

0 

< 

H 

0 

0 

EH 

0 

0 

0 

0 

0  0  rf 

R 

n 

0 

0 

0 

H 

O 

O 

0 

R 

0  l 

0 

O 

(3 

0 

Eh 

o 

0 

0 

0 

Eh 

R 

0 

R&.1 

C5 

C3 

0 

0 

0 

Eh 

0 

0 

Eh 

O 

() 

o 

0Se 

O 

0 

R 

0 

0 

o 

0 

H 

0 

o 

0 

n 

fC 

< 

R 

< 

< 

0 

O 

0 

< 

R 

C> 

0 

OWE 

{3 

n 

0 

O 

0 

0 

0 

EH 

0 

0 

0 

fi 4 

0  ri 

0 

0 

0 

0 

0 

Eh 

Eh 

Eh 

Eh 

0 

O 

0 

0  C 

< 

n 

H 

H 

< 

o 

0 

< 

< 

< 

R 

< 

0  R 

R 

0 

Q 

0 

U 

Eh 

0 

0 

O 

R 

0 

R  < 

o 

H 

*£ 

EH 

(5 

0 

H 

R 

t) 

() 

0 

0  0 

1  0 

2 

0 

0 

O 

H 

0 

0 

0 

R 

O 

R 

0  0 

■  < 

u 

< 

O 

O 

0 

fcH 

0 

Eh 

0 

R 

0 

<  0 

0 

< 

0 

o 

0 

0 

0 

0 

0 

R 

< 

R 

0  0 

0 

0 

(3 

o 

0 

0 

0 

0 

R 

R 

R 

0 

0  0 

0 

a1 

0 

P 

H 

0 

< 

y 

< 

R 

0 

Eh 

0  0 

< 

n 

n 

H 

0 

0 

0 

< 

o 

0 

0 

r  ^ 

0  0 

0 

R 

o 

0 

< 

0 

< 

0 

0 

R 

0 

c!) 

0  0 

0 

0 

fcH 

0 

0 

p 

0 

y 

0 

O 

n 

0  0 

0 

2 

* 

0 

0 

< 

0 

0 

< 

fcH 

0 

< 

R  R 

R 

o 

R 

0 

0 

0 

0 

Eh 

o 

0 

0 

0 

0  0 

0 

0 

< 

O 

0 

0 

O 

0 

R 

Eh 

R 

< 

0  0 

<r 

0 

0 

o 

0 

0 

U 

0 

0 

0 

0 

0 

0  0 

0 

R 

O 

-  o 

H 

0 

y 

0 

H 

H 

H 

0 

0  < 

0 

0 

R 

0 

0 

< 

< 

EH 

0 

0 

R 

5 

R  0 

(3 

R 

n 

u 

Eh 

< 

0 

0 

0 

R 

0 

0  0 

0 

< 

0 

0 

P 

p 

0 

Eh 

O 

0 

0 

«** 

rf  < 

R 

0 

0 

H 

U 

O 

0 

0 

H 

H 

< 

0 

0  < 

0 

0 

o 

U 

rt. 

0 

0 

< 

0 

0 

< 

< 

0  R 

C3 

< 

0 

0 

0 

U 

0 

Eh 

R 

0 

0 

<  0 

fc  0 

R 

R 

Eh 

0 

0 

0 

fcH 

Eh 

fcH 

0 

n 

R  0 

< 

n 

0 

0 

0 

0 

0 

0 

0 

H 

0 

R  < 

0 

R 

0 

U 

0 

< 

0 

Eh 

Eh 

0 

R 

( 

3 

0  0 

< 

R 

< 

O 

0 

0 

0 

0 

0 

R 

0 

i 

C 

<  0 

O 

< 

0 

H 

p 

0 

O 

Eh 

0 

0 

0 

( 

D 

R  0 

0 

0 

R 

0 

0 

H 

< 

0 

fcH 

0 

y 

0 

0  0 

0 

R 

0 

0 

0 

0 

0 

Eh 

0 

0 

< 

( 

J 

0  R 

< 

< 

0 

EH 

0 

0 

0 

0 

Eh 

Eh 

0 

o 

0  < 

C3 

0 

R 

0 

0 

0 

EH 

0 

Eh 

0 

R 

0 

<  0 

0 

0 

0 

< 

Eh 

Eh 

0 

0 

0 

0 

0 

2 

0  0 

(3 

0 

R 

0 

0 

0 

0 

EH 

0 

0 

0 

(. 

5 

0  0 

0 

R 

u 

u 

0 

ft 

< 

0 

R 

0 

R 

< 

0  0 

R 

0 

0 

P 

Eh 

tz 

< 

R 

0 

H 

0 

0  < 

0 

< 

o 

0 

o 

Eh 

0 

R 

R 

0 

R 

R  0 

0 

R 

0 

Eh 

0 

0 

Eh 

< 

0 

0 

Eh 

0 

0  R 

0 

0 

0 

u 

< 

Eh 

0 

0 

Eh 

R 

0 

f- 

R  0 

0 

Eh 

0 

0 

0 

0 

0 

0 

0 

0 

R 

G 

R  0 

0 

< 

R 

0 

< 

Eh 

0 

o 

R 

Eh 

R 

l 

0  0 

R 

< 

0 

0 

0 

0 

Eh 

Eh 

0 

0 

0 

3 

O  0 

0 

0 

p 

< 

Eh 

0 

0 

0 

R 

R 

r 

3 

0  < 

0 

< 

< 

p 

0 

Eh 

0 

EH 

R 

0 

0 

F 

Eh  < 

0 

0 

0 

o 

0 

0 

EH 

0 

0 

R 

0 

E 

0  0 

< 

R 

R 

< 

0 

Eh 

0 

Eh 

R 

0 

0 

0 

0  0 

0 

0 

0 

u 

EH 

EH 

0 

< 

0 

R 

0 

0 

0  0 

0 

R 

0 

0 

EH 

< 

0 

0 

0 

0 

R 

E 

R  < 

0 

0 

< 

0 

p 

0 

0 

0 

R 

0 

0 

c 

) 

0  0 

R 

< 

0 

0 

O 

< 

0 

< 

0 

0 

0 

E 

<  0 

R 

R 

0 

0 

0 

0 

0 

0 

Eh 

R 

R 

c 

) 

<  < 

0 

R 

u 

< 

Eh 

0 

0 

Eh 

0 

0 

R 

r 

) 

0  < 

< 

0 

0 

0 

Eh 

< 

Eh 

0 

Eh 

R 

0 

c 

) 

<  0 

< 

0 

R 

Eh 

0 

0 

0 

Eh 

0 

0 

0 

< 

R  0 

0 

0 

R 

< 

0 

Eh 

Eh 

< 

0 

0 

0 

0 

0  0 

R 

0 

0 

< 

0 

0 

0 

0 

0 

0 

R 

C 

t 

Eh  U 

< 

0 

0 

EH 

< 

< 

0 

0 

0 

R 

0 

rt 

0  0 

0 

0 

0 

0 

0 

0 

0 

EH 

< 

0 

R 

Eh 

0  0 

0 

< 

R 

ff 

P 

0 

Eh 

Q 

0 

R 

0  _ 

0 

0  R 

< 

R 

0 

0 

0 

0 

R 

0 

HW  ( 

0  0 

0 

0 

0 

0 

< 

0 

0 

0 

0 

0 

00$  < 

<  0 

0 

0 

0 

< 

0 

Eh 

Eh 

0 

R 

R 

Hr  i  C 

<  0 

0 

0 

R 

0 

< 

0 

P 

y 

0 

0 

R~ 

EH 

0  < 

0 

0 

0 

0 

0 

0 

0 

< 

0 

Eh 

0 

0 

0  0 

R 

< 

R 

0 

0 

0 

0 

0 

a 

0 

0 

0  0 

0 

0 

< 

EH 

0 

0 

0 

Eh 

R 

0 

0 

0  < 

R 

0 

0 

< 

0 

EH 

0 

Eh 

0 

0 

R 

o 

y  3 

0 

R 

R 

< 

0 

0 

0 

0 

R 

< 

R 

(*) 

0  R 

0 

0 

< 

0 

< 

0 

y 

0 

0 

0 

< 

0 

<  < 

R 

0 

R 

< 

< 

R 

o 

Eh 

i 

o 

u 

Eh 

U 

Eh 

8 

8 

O 


o  o 

O  eh 

0  o 

S  8 

o  < 

0  o 
o  0 


Eh 

R 

R 

Eh 

0 

0 

< 

< 

0 

0 

< 

R 

R 

0 

0 

< 

R 

0 

0 

< 

0 

0 

R 

R 

< 

0 

0 

R 

0 

Eh 

0 

0 

0 

0 

0 

< 

0 

2 

< 

R 

R 

R 

R 

0 

0 

0 

0 

0 

0 

0 

0 

0 

R 

0 

R 

0 

0 

< 

0 

0 

R 

0 

R 

< 

0 

R 

R 

R 

0 

0 

y 

< 

0 

0 

R 

0 

R 

0 

0 

0 

0 

0 

0 

0 

0 

0 

R 

0 

0 

R 

R 

R 

0 

0 

R 

0 

R 

< 

0 

0 

0 

R 

R 

0 

< 

0 

0 

0 

0 

0 

Q 

0 

0 

R 

R 

u 

< 

0 

< 

R 

0 

R 

0 

0 

0 

0 

0 

I 


Fig.  9 


SST-induced  apoptosis  in  CHO-K1  cells  is  SHP-1 -dependent.  Cells  were  incubated  in  the 
absence  or  presence  of  100  nM  OCT  for  24  h  and  the  cellular  DNA  extracted  and  anlysed  for  the 
presence  of  DNA  fragmentation  by  agarose  gel  electrophoresis  and  ethidium  bromide  staining. 
DNA  degradation  caused  by  OCT  was  higher  in  cells  overexpressing  SHP-1  and  was  absent  in 
cells  overexpressing  its  catalytically  inactive  mutant  SHP-1  C455S. 


Fig.  10 

Induction  of  Rb  by  SST  in  CHO-Kl/hSSTR5  cells  is  SHP-1 -dependent.  Overexpression  of  SHP-1  (middle  panel)  enhanced 
the  increase  in  Rbcompared  to  untransfected  cells  (left  panel).  Induction  of  Rb  by  SST  was  prevented  by  the  catalytically  in¬ 
active  mutant  SHP-1C455  (right  panel).  Rb  was  immunostained  with  anti-Rb  antibody  (Santa  Cruz  Biotechnology),  counter 
stained  with  FITC-conjugated  secondary  antibody  and  quantitated  by  flow  cytometry. 
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Somatostatin  Receptors 

Yogesh  C.  Patel  and  Coimbatore  B.  Srikant 

The  diverse  biological  effects  of  somatostatin  (SRIF)  are  mediated  by  a 
family  of  G  protein-coupled  receptors  ( termed  sst)  that  are  encoded  by 
five  nonallelic  genes  located  on  separate  chromosomes.  The  receptors 
can  be  further  divided  into  two  subfamilies:  sst2  3  5  react  with  octapep- 
tide  and  hexapeptide  SRIF  analogues  and  belong  to  one  subclass;  sstj  4 
react  poorly  with  these  compounds  and  fall  into  another  subclass.  This 
review  focuses  on  the  molecular  pharmacology  and  function  of  these 
receptors,  with  particular  emphasis  on  the  ligand-binding  domain, 
subtype-selective  analogues,  agonist-dependent  receptor  regulation  and 
desensitization  responses,  subtype-specific  effector  coupling,  and  signal 
transduction  pathways  responsible  for  inhibiting  cell  secretion  and  cell 
growth  or  induction  of  apoptosis.  (Trends  Endocrinol  Metab  1 997 ;8: 
398-405).  ©  1 998,  Elsevier  Science  Inc. 


•  The  Somatostatin  Receptor 
Family 

Somatostatin  (SRIF)  is  synthesized  as 
the  bioactive  peptides,  SRIF- 14  and 
SRIF-28,  which  act  on  multiple  targets, 
including  the  brain,  gut,  pituitary,  endo¬ 
crine  and  exocrine  pancreas,  adrenals, 
thyroid,  kidneys,  and  immune  cells  (Re- 
ichlin  1983).  The  actions  of  SRIF  include 
inhibition  of  virtually  every  known  en¬ 
docrine  and  exocrine  secretion;  motor, 
sensory,  behavioral,  cognitive  and  auto¬ 
nomic  effects;  as  well  as  effects  on  intes¬ 
tinal  motility,  vascular  contractility,  cell 
proliferation,  and  intestinal  absorption 
of  nutrients  and  ions.  These  pleiotropic 
effects  can  be  resolved  into  three  cellular 
processes  that  are  modulated  by  SRIF — 
neurotransmission,  secretion,  and  cell 
proliferation — and  are  mediated  via 
high-affinity  plasma  membrane  recep¬ 
tors  termed  sst  receptors  (Patel  et  al. 
1995,  Reisine  and  Bell  1995,  Lamberts  et 
al.  1996,  Patel  1997).  Beginning  in  1992, 
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the  structure  of  sst  receptors  was  eluci¬ 
dated  by  molecular  cloning  (Yamada  et 
al.  1992a).  Five  individual  subtypes  were 
rapidly  identified  and  shown  to  consist 
of  a  family  of  heptahelical  G  protein- 
coupled  receptors  (GPCR)  (Yamada  et 
al.  1992a  and  b,  Bruno  et  al.  1992, 
O’Carroll  et  al.  1992,  Rohrer  et  al.  1993, 
Panetta  et  al.  1994,  Patel  et  al.  1995, 
Reisine  and  Bell  1995,  Patel  1997).  Hu¬ 
man  sst  receptors  (hsst)  are  encoded  by 
a  family  of  five  nonallelic  genes  located 
on  separate  chromosomes  (Table  1). 
Four  of  the  genes  are  intronless,  the  ex¬ 
ception  being  sst2,  which  gives  rise  to 
spliced  variants  sst2A  and  sst2B,  which 
differ  only  in  the  length  of  the  cytoplas¬ 
mic  C-tail  (Figure  1)  (Patel  et  al.  1995, 
Reisine  and  Bell  1995).  There  are  thus 
six  putative  sst  subtypes  of  closely  re¬ 
lated  size,  each  displaying  a  seven  trans¬ 
membrane  domain  (TM)  topology.  All 
sst  isoforms  that  have  been  cloned  so  far 
from  humans  as  well  as  from  other  spe¬ 
cies  possess  a  highly  conserved  sequence 
motif  YANSCANPI/VLY  in  the  Vllth  TM, 
which  serves  as  a  signature  sequence  for 
this  receptor  family  (Figure  1)  (Patel  et 
al.  1995,  Reisine  and  Bell  1995).  Overall, 
there  is  39%-57%  sequence  identity 
among  the  various  members  of  this  fam¬ 


ily,  with  ssti  and  sst4  showing  the  high¬ 
est  sequence  identity.  The  individual 
subtypes  display  a  remarkable  degree  of 
structural  conservation  across  species. 
Thus  there  is  94%-98%  sequence  iden¬ 
tity  between  the  human,  rat,  and  mouse 
isoforms  of  sstx;  93%-96%  sequence 
identity  between  human,  rat,  mouse, 
porcine,  and  bovine  isoforms  of  sst2;  and 
88%  sequence  identity  between  the  rat 
and  human  isoforms  of  sst4;  sst3  and  sst5 
are  somewhat  less  conserved,  showing 
82%-83%  sequence  identity  between  the 
human  and  rodent  homologues.  The 
nearest  relatives  of  the  sst  receptors  are 
the  opioid  receptors,  whose  8  subtype 
displays  37%  sequence  similarity  to 
mouse  sstj. 

•  Binding  Affinity  of  Natural  and 
Synthetic  Somatostatin  Ligands 

Over  the  years,  many  different  ana¬ 
logues  of  SRIF  have  been  synthesized 
for  investigational  and  clinical  use  (Fig¬ 
ure  2).  Structure-function  studies  have 
shown  that  amino  acid  residues  Phe7, 
Trp8,  Lys9,  and  Thr10,  which  comprise  a 
P  turn,  are  necessary  for  biological  ac¬ 
tivity,  with  residues  Trp8  and  Lys9  being 
crucial.  The  general  strategy  for  design¬ 
ing  SRIF  analogues  has  been  to  retain 
the  Phe7,  Trp8,  Lys9,  and  Thr10  segment 
and  to  incorporate  a  variety  of  cyclic  and 
bicyclic  restraints  to  stabilize  the  p  turn 
around  the  conserved  residues.  In  this 
way,  a  library  of  short  synthetic  com¬ 
pounds  has  been  synthesized,  several  of 
which  show  greater  metabolic  stability 
and  some  pharmacological  selectivity 
compared  with  SRIF- 14  (Patel  and  Sri¬ 
kant  1994,  Patel  et  al.  1995,  Reisine  and 
Bell  1995,  Bruns  et  al.  1996,  Shimon  et 
al.  1997).  All  five  sst  subtypes  bind 
SRIF- 14  and  SRIF-28  with  high  affinity 
(Table  2).  sst^  bind  SRIF- 14  >  SRIF- 
28,  whereas  sst5  exhibits  weak  selectivity 
for  SRIF-28  compared  with  SRIF- 14. 
The  octapeptide  analogues  SMS20 1-995 
(SMS,  Octreotide)  and  BIM23014  (Lan- 
reotide)  that  are  in  clinical  use,  as  well 
as  the  octapeptide  RC160  (Vapreotide) 
and  the  hexapeptide  MK678  (Seglitide), 
bind  to  only  three  of  the  hsst  subtypes, 
displaying  high  affinity  for  subtypes  2 
and  5  and  moderate  affinity  for  type  3 
(Table  2).  Based  on  structural  similarity 
and  reactivity  for  octapeptide  and 
hexapeptide  SRIF  analogues,  the  recep¬ 
tor  family  can  be  divided  into  two 


398 


©  1998,  Elsevier  Science  Inc.,  1043-2760/98/$  17.00  PII  S1043-2760(97)00168-9 


TEM  VoL  8 ,  No.  10,  1997 


t 

Table  1.  Characteristics  of  the  cloned  subtypes  of  human  somatostatin 
receptors9 _ 


sst, 

sst2A 

S$t3 

sst4 

SSts 

Chromosomal 

14ql3 

17q24 

22ql3.1 

20pl  1.2 

16pl3.3 

localization 

.. JVmino  acids 

391 

369 

418 

388 

363 

mRNA  (kb) 

4.8 

8.5  (?) 

5.0 

4.0 

4.0 

G-protein  coupling 

+ 

+ 

+ 

+ 

+ 

Effector  coupling 

Adenylyl  cyclase 

i 

1 

i 

i 

4. 

activity 

Tyrosine  phosphatase 

T 

T 

t 

T 

activity 

Ca2+  channels 

l 

Na+/H+  exchanger 

T 

Phospholipase  C/IP3 

t 

IT 

activity 

Phospholipase  A2 

T 

activity 

MAP  kinase  activity 

T 

1 

Tissue  distribution^ 

Brain, 

Brain, 

Brain, 

Brain, 

Brain, 

pituitary, 

pituitary 

,  pituitary, 

stomach. 

pituitary, 

stomach, 

stomach, 

stomach 

pancreas, 

stomach 

liver, 

pancreas, 

lungs, 

pancreas. 

kidneys 

stomach 

kidneys 

^Modified  from  Patel  (1997),  Patel  et  al.  (1995),  and  Reisine  and  Bell  (1995). 

&Based  on  Lamberts  et  al.  (1996)  and  Patel  (1997).  Not  all  tissues  have  been  tested  simultaneously. 
IP3,  inositol  triphosphate;  MAP  kinase,  mitogen-activated  protein  kinase. 


subclasses:  sst2  3>5  react  with  these  ana¬ 
logues  and  constitute  members  of  one 
subgroup;  sstj  4  react  poorly  with  these 
compounds  and  fall  into  another  sub¬ 
group.  The  analogue  Des-AAj  2>5  [D-Trp8 
IAMP9]  SRIF  (CH275)  has  been  recently 
reported  as  an  sstj  selective  compound 
(Liapakis  et  al.  1996).  In  our  hands, 
CH275  also  binds  to  sst4  and  appears  to 
be  a  prototypic  agonist  for  the  sstlj4  sub¬ 
class  (Table  2)  (Patel  1997).  Several 
other  SRIF  analogues  have  been  simi¬ 
larly  reported  to  be  selective  for  one  sst 
subtype,  for  example,  sst2  (MK678),  sst3 
(BIM23056),  and  sst5  (BIM23052,  L362- 
855)  (Reisine  and  Bell  1995).  Because  of 
methodological  variations,  however, 
such  claims  of  subtype  selectivity  of 
these  and  other  analogues  have  not  been 
substantiated  by  others  and  should  be 
interpreted  with  caution  (Patel  and  Sri- 
kant  1994,  Bruns  et  al.  1996).  More  re¬ 
cent  binding  analyses  of  these  com¬ 
pounds  using  the  human  sst  clones  have 
identified  only  BIM23268  with  modest 
selectivity  for  hsst5  (Table  2).  L362855 
binds  well  to  sst5  and  sst2  and  is  only 
weakly  selective  for  sst5.  Likewise, 
MK678  displays  good  binding  affinity 


for  both  sst2  and  sst5  subtypes.  Overall 
then,  these  results  suggest  that  the  bind¬ 
ing  selectivity  of  currently  available 
SRIF  analogues  for  the  human  sst  sub- 
types  is  relative  rather  than  absolute  and 
that  there  are  no  pure  agonists  available 
for  the  individual  subtypes.  Very  re¬ 
cently,  the  first  potential  sst  peptide  an¬ 
tagonists  have  been  described  (Bass  et 
al.  1996,  Wilkinson  et  al.  1997).  One 
such  compound  [Ac-4-N02-Phe-c(D- 
Cys-Tyr-D-Trp-Lys-Thr-Cys)-D-Tyr-NH2] 
binds  to  hsst2  and  hsst5  with  nM  affinity, 
but  antagonizes  receptor  effector  cou¬ 
pling  to  adenylyl  cyclase  (Bass  et  al. 
1996).  A  second  peptide,  BIM23056,  ap¬ 
pears  to  be  an  antagonist  at  the  sst5  re¬ 
ceptor  (Wilkinson  et  al.  1997). 

•  Ligand-Binding  Domain 

The  ligand-binding  site  of  peptide  ago¬ 
nists  comparable  to  SRIF  typically  in¬ 
volves  residues  in  the  extracellular 
loops  (ECLs)  or  both  the  ECLs  and  the 
TMs  (Schwartz  and  Rosenkilde  1996). 
By  exploiting  the  differential  ability  of 
SMS  to  bind  to  hsst2  but  not  to  hsstj, 
Kaupman  et  al.  (1995)  systematically 


mutated  hsstj  to  resemble  hsst2.  They 
found  two  crucial  residues,  Gln291  and 
Ser305,  *n  TMs  VI  and  VII,  respectively, 
of  hsstj,  substitution  of  which  for  the 
corresponding  residues  Asn276  and 
Phe294  in  hsst2  increased  the  affinity  of 
hsstj  for  SMS  and  other  octapeptide 
analogues  1000-fold  (Figure  1).  Based 
on  these  results,  Kaupman  et  al.  (1995) 
have  postulated  a  binding  cavity  for 
SMS  involving  hydrophobic  and 
charged  residues  located  exclusively 
within  TMs  III-VII.  Their  findings  pre¬ 
dict  that  the  core  residues  Phe7,  Trp8, 
Lys9,  and  Thr10  of  SMS  interact  with 
Asn276  and  Phe294  located  at  the  outer 
end  of  TMs  VI  and  VII,  respectively 
(present  in  sst2  but  not  in  sstj),  which 
provide  a  hydrophobic  environment 
for  lipophilic  interactions  with  Phe7, 
Trp8,  Thr10,  and  Asp137  in  TM  III, 
which  anchors  the  ligand  by  an  elec¬ 
trostatic  interaction  with  Lys9  (Figure 
1)  (Nehring  et  al.  1995).  SMS  binds 
poorly  to  hsstj  because  of  the  presence 
of  residues  Gin291  and  Ser305  located 
close  to  the  extracellular  rims  of  TM 
helices  VI  and  VII  which  prevent  the 
short  peptide  from  reaching  deep 
within  the  pocket,  whereas  the  corre¬ 
sponding  residues  Asn276  and  Phe294  in 
sst2  provide  for  a  stable  interaction 
with  the  disulfide  bridge  of  SMS.  Be¬ 
cause  of  their  greater  length  and  flexi¬ 
bility,  the  natural  ligands  SRIF- 14  and 
SRIF-28  can  presumably  adopt  a  con¬ 
formation  that  allows  their  entry  into 
the  binding  pocket  of  all  five  sst  recep¬ 
tors.  The  involvement  of  the  extracel¬ 
lular  domains  for  binding  SRIF  ligands 
has  been  investigated  by  Greenwood  et 
al.  (1977),  who  used  amino  terminal 
deletion  mutants  or  conservative  seg¬ 
ment  exchange  mutagenesis  for  the 
three  ECLs  of  hsst5.  Their  results  pre¬ 
dict  a  potential  contribution  of  ECL2 
(but  not  of  ECL1,  ECL3,  or  the  amino 
terminal  segment)  to  binding  of  the 
natural  SRIF  ligands  (SRIF- 14,  SRIF- 
28),  as  well  as  SMS.  The  overall  model 
that  emerges  from  these  studies  sug¬ 
gests  a  binding  domain  for  SRIF 
ligands  made  up  of  residues  within 
TMs  III-VII,  with  a  potential  contribu¬ 
tion  by  ECL2,  and  is  consistent  with 
other  peptide-binding  GPCRs,  for  ex¬ 
ample,  neurokinin  I,  angiotensin  II, 
GnRH  receptors,  which  interact  with 
residues  in  both  ECLs,  and  TMs 
(Schwartz  and  Rosenkilde  1996). 
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Figure  1.  Schematic  depiction  of  the  seven-transmembrane  topology  of  the  human  sst^ 
receptors.  CHO  are  the  potential  sites  for  N-linked  glycosylation  within  the  amino  terminal 
segment  and  second  extracellular  loops  (ECL);  P04  are  the  putative  sites  for  phosphorylation 
by  protein  kinase  A,  protein  kinase  C,  and  casein  kinase.  The  cysteine  residue  12  amino  acids 
downstream  from  the  Vllth  TM  is  conserved  in  sst12j4  5  and  may  be  the  site  of  a  potential 
palmitoyl  membrane  anchor.  The  YANSCAN  PI/VLY  sequence  in  the  Vllth  TM  is  highly 
conserved  in  all  members  of  the  sst  family.  Residues  Asp122,  Asn276,  and  Phe294  in  TMs  III,  VI, 
and  VII,  respectively,  of  sst2A  have  been  proposed  to  form  part  of  a  ligand-binding  pocket  for 
Octreotide  and  are  shown  by  the  closed  circles .  (From  Patel  1997). 


•  G-Protein  Coupling  and  Signal 
Transduction 

Ligand  activation  of  endogenous  sst  re¬ 
ceptors  is  associated  with  a  reduction  in 
intracellular  cAMP  and  Ca2+  and  stimula¬ 
tion  of  protein  phosphatases  because  of 
receptor  activation  of  four  major  effector 
pathways,  each  involving  a  pertussis 
toxin-sensitive  GTP-binding  protein:  (a) 
adenylyl  cyclase,  (b)  K+  channels,  (c) 
Ca2+  channels,  and  (d)  protein  phos¬ 
phatases  (Figure  3)  (Patel  et  al.  1995,  Re- 
isine  and  Bell  1995,  Lamberts  et  al.  1996, 


Patel  1997).  Receptor  activation  inhibits 
adenylyl  cyclase,  leading  to  a  fall  in  intra¬ 
cellular  cAMP.  Sst  receptors  are  coupled 
to  several  subsets  of  K+  channels  (delayed 
rectifier,  inward  rectifier,  ATP-sensitive  K+ 
channels,  and  large  conductance  Ca2+ -ac¬ 
tivated  BK  channels).  Receptor  activation 
of  K+  channels  causes  reversible  hyperpo¬ 
larization  of  the  membrane,  leading  to  the 
cessation  of  spontaneous  action  potential 
activity  and  secondary  reduction  in  intra¬ 
cellular  Ca2+i  because  of  inhibition  of  the 
normal  depolarization  induced  Ca2+  in¬ 
flux  via  voltage  sensitive  Ca2+  channels.  In 


addition  to  this  indirect  effect  on  Ca2+ 
entry,  sst  receptors  act  directly  on  high- 
voltage-dependent  Ca2+  channels  to  block 
Ca2+  currents.  Stimulation  of  both  K+ 
and  Ca+  channels  may  also  occur  through 
dephosphorylation  of  the  channel  pro¬ 
teins  secondary  to  sst  activation  of  a  serine 
threonine  phosphatase.  Furthermore,  sst 
receptors  may  inhibit  Ca2+  currents 
through  induction  of  cGMP,  which  acti¬ 
vates  cGMP  protein  kinase  with  further 
phosphorylation-dependent  inhibition  of 
Ca2+  channels.  Sst  receptors  activate  a 
number  of  phosphatases  such  as  serine 
threonine  phosphatases  (White  et  al. 
1991),  the  Ca2+ -dependent  phosphatase 
calcineurin  (Renstrom  et  al.  1996),  and^ 
protein  tyrosine  phosphatases  (PTP)  (Flo- 
rio  et  al.  1994  and  1996,  Buscail  et  al. 
1995,  Reardon  et  al.  1996).  This  action  isJ 
dependent  on  activation  of  pertussis 
toxin-sensitive  G  proteins,  but  the  nature 
of  the  G  proteins  involved  and  whether 
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SRIF  28  Sfer-Alo-Asn-$er-A$n-Pro-Alo-Met-Ala-Pro-flrg 
6lu-Arg-Lys-Ala-Gty-Cys-Lys-Asn-Phe-  Phe-Tfp 
Cys-Ser-Thr-Phe-Thr x  Lys 


SRI  F- 1 4 


Ala-Gly-Cys-Lys-Asn-Phe-  Phe^ 
Cys-Ser-Thr-Phe-Thr  ^  Lys 


SMS  201-995 

octreotide 

'  BIM23Q14 

lanreotide 


DPhe-Cys-Phe.DTrp 
Thr(ol)-Cys-  Ihr  >*  lys 

DPNal-Cys-Tyr^DTrp 
Thr-Cys-Val  ^  Lys 


RC-160  DPhe-CyMyr^pup 

vapreotide  Trp-Cy$-Val  ■"  Lys 


MK678 

seglitide 


(N-Me)-Ala-TyuDTrp 
pfte-Val  "  Lys 


Figure  2.  Natural  and  synthetic  peptide  ago¬ 
nists  of  the  sst  receptor  family. 


they  couple  sst  receptors  directly  or  indi¬ 
rectly  to  phosphatases  is  unknown. 

Several  laboratories  have  investigated 
the  coupling  of  individually  expressed 
sst  subtypes  to  G  proteins  and  various 
effectors.  Despite  initial  controversy, 
there  is  now  a  growing  consensus  that 
all  five  sst  subtypes,  and  certainly  the 
human  isoforms,  are  functionally  cou¬ 
pled  to  inhibition  of  adenylyl  cyclase 
(Table  1)  (Patel  et  al.  1994).  sst12  3<4  also 
stimulate  PTP  (Table  1).  ss^  stimulates  a 
Na+/H+  exchanger  via  a  pertussis  toxin- 
insensitive  mechanism  (Hou  et  al.  1994). 
sst2  suppresses  voltage-dependent  Ca2+ 
channels  in  islet  RIN  M5f  cells  and  bl¬ 
and  P/Q-type  Ca2+  channels  in  cultured 
rat  amygdaloid  neurons  (Viana  and  Hille 
1996).  sst4  activates  PLA2-dependent 
arachidonate  production  as  well  as  mi¬ 


togen-activated  protein  kinase  (MAPK) 
in  CHO-K1  cells,  both  via  a  pertussis 
toxin-sensitive  G  protein  (Bito  et  al. 
1994,  Patel  et  al.  1995,  Reisine  and  Bell 
1995).  Acting  through  sst3  and  sst5,  how¬ 
ever,  SRIF  also  inhibits  the  MAPK  sig¬ 
naling  cascade  (Reardon  et  al.  1996, 
Cordelier  et  al.  1997).  Sst  modulation  of 
the  PLC-IP3  pathway  remains  controver¬ 
sial  (Patel  1997).  In  transfected  CHO-K1 
cells,  sst5  inhibits  IP3-mediated  Ca2+ 
mobilization,  whereas  sst4  is  without  ef¬ 
fect.  By  contrast,  in  COS-7  cells,  sst5  and 
sst2A  both  stimulate  IP3  production,  al¬ 
beit  only  at  high  agonist  concentrations. 
Major  voids  still  remain  in  our  under¬ 
standing  of  sst  subtype-selectivity  for  ion 
channel  coupling  and  of  the  molecular 
signals  in  the  receptors  responsible  for 
activation  of  various  phosphatases. 
Much  of  our  current  knowledge  on  sub¬ 
type-selectivity  for  signaling  is  based  on 
transfected  cells  and  should  be  inter¬ 
preted  with  caution,  given  the  limita¬ 
tions  of  these  systems.  The  emergence  of 
selective  agonists  and  antagonists 
should  greatly  facilitate  the  study  of  sub¬ 
type-selective  effector  coupling  of  en¬ 
dogenous  sst  receptors  in  normal  cells. 


•  Signal  Transduction  Pathways  for 
Inhibition  of  Secretion  and  Cell 
Proliferation 

Blockade  of  secretion  by  SRIF  is  in  part 
mediated  through  inhibition  of  Ca2  f  and 
cAMP.  Additionally,  however,  SRIF  can  in¬ 
hibit  hormone  secretion  stimulated  by 
cAMP,  Ca2+,  and  other  second  messen¬ 
gers,  as  well  as  in  permeabilized  cells  (in 


Table  2.  Ligand  selectivity  of  cloned  human  somatostatin  receptorsa 


IC50  (nM)b 

sst, 

SSt2A 

sst3 

sst4 

SSts 

SRIF- 14 

0.1-2.26 

0.2-1.3 

0.3-1. 6 

0.3-1. 8 

0.2-0. 9 

SRIF-28 

0. 1-2.2 

0.2-4. 1 

0.3-6. 1 

0.3-7. 9 

0.05-0.4 

Octreotide 

290-1140 

0.4-2. 1 

4.4-34.5 

>  1000 

5.6-32 

Lanreotide 

500-2330 

0.5-1. 8 

43-107 

66-2100 

0.6-14 

Vapreotide 

>  1000 

5.4 

31 

45 

0.7 

Seglitide 

>  1000 

0. 1-1.5 

27-36 

127-  >  1000 

2-23 

BIM  23052 

6.3-100 

10-13.5 

2.1-5. 6 

16-141 

1. 2-7.3 

BIM  23056 

110-  >  1000 

132-  >  1000 

10.8-177 

17-234 

5.7-14.1 

"BIM  23268 

18.4 

15.1 

61.6 

16.3 

0.37 

L  362855 

>  1000 

1 

6.2 

63-  >  1000 

0.1-0.016 

*CH  275c 

3. 2-4.3 

>1000 

>1000 

4.3-874 

>1000 

“Based  on  Patel  and  Srikant  (1994),  Reisine  and  Bell  (1995),  Bruns  et  al.  (1996),  and  Shimon  et  al.  (1997). 
&Data  of  Patel  and  Srikant  (1994)  expressed  as  IQ. 

“From  Liapakis  et  al.  (1996)  and  Patel  (1997). 


which  membrane  ion  channels  are  short 
circuited)  through  a  distal  effect,  which  is 
believed  to  be  mediated  via  a  G-protein- 
dependent  mechanism  linking  the  recep¬ 
tor  to  exocytotic  vesicles  (Figure  3).  Such 
direct  inhibition  of  exocytosis  is  induced 
through  SRIF-dependent  activation  of  the 
protein  phosphatase  calcineurin  (Ren- 
strom  et  al.  1996).  The  profound  ability  of 
sst  and  other  inhibitory  receptors,  for  ex¬ 
ample,  a-adrenergic  and  galanin  recep¬ 
tors,  to  block  secretion  via  this  distal 
mechanism  suggests  that  phosphoryla¬ 
tion-dephosphorylation  events  rather 
than  the  Ca2+  signal  play  a  key  role  in  the 
distal  steps  of  exocytosis.  The  specific  sst 
subtypes  involved  in  this  process  remain 
to  be  determined.  The  antiproliferative  ef¬ 
fects  of  SRIF  are  mediated  both  indirectly 
through  inhibition  of  hormones  and 
growth  factors  that  promote  cell  growth, 
and  directly  via  sst  receptors  present  on 
target  cells,  leading  to  growth  arrest  and 
induction  of  apoptosis  (Srikant  1995,  Pa¬ 
tel  1997).  Several  sst  subtypes  and  signal 
transduction  pathways  have  been  impli¬ 
cated.  A  SRIF-sensitive  66-kD  SH2  do¬ 
main  containing  PTP  called  PTP- 1C, 
which  dephosphoiylates  and  inactivates 
growth  factor  receptor  kinases,  has  been 
shown  to  translocate  from  the  cytosol  to 
the  plasma  membrane  upon  receptor  ac¬ 
tivation  and  to  associate  with  sst  receptors 
(Zeggari  et  al.  1994,  Srikant  and  Shen 

1996) .  SRIF  also  inhibits  MAPK  activity 
via  PTP-dependent  inactivation  of  Raf-1 
or  through  inhibition  of  guanylate  cyclase 
(Reardon  et  al.  1996,  Cordelier  et  al. 

1997) .  PTP-dependent  antiproliferation  by 
SRIF  involves  both  cytostatic  and  cyto¬ 
toxic  (apoptosis)  actions  and  is  dose-de¬ 
pendent  and  subtype-selective.  Apoptosis 
occurs  only  in  cycling  cells,  uniquely  via 
the  sst3  subtype,  and  is  associated  with 
induction  of  wild-type  p53  and  Bax  (Shar- 
ma  et  al.  1996).  The  remaining  four  sst 
subtypes  elicit  a  cytostatic  response  by  in¬ 
ducing  G:  cell  cycle  arrest  associated  with 
activation  of  the  retinoblastoma  gene 
product  pRb  and  the  cyclin-dependent  ki¬ 
nase  inhibitor  p21.  Whereas  apoptosis  is 
triggered  at  low  agonist  concentration  (> 
0.1  nM),  cytostasis  is  induced  at  much 
higher  (>  50  nM)  agonist  concentrations. 
Overall,  this  means  that  acting  via  sst3, 
SRIF  will  induce  apoptosis  even  when 
present  at  low  physiological  concentra¬ 
tions,  whereas  it  will  attenuate  the  mito¬ 
genic  signal  and  trigger  growth  arrest  via 
sst  i  ,2,4,5  °nly  pharmacological  concen- 
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INHIBITION  OF  SECRETION 


Figure  3.  Schematic  depiction  of  the  key  second-messenger  systems  involved  in  somatostatin 
(SRIF)  modulation  of  cell  secretion,  cell  proliferation,  and  apoptosis.  (A)  Receptor  activation 
leads  to  a  fall  in  intracellular  cAMP  (because  of  inhibition  of  adenylyl  cyclase),  a  fall  in  Ca2+ 
influx  (because  of  activation  of  K+  and  Ca2+  ion  channels)  and  stimulation  of  phosphatases 
such  as  calcineurin  (which  inhibits  exocytosis),  and  serine  threonine  phosphatases  (which 
dephosphorylate  and  activate  Ca2+  and  K+  channel  proteins).  Blockade  of  secretion  by  SRIF 
is  in  part  mediated  through  inhibition  of  Ca2+  and  cAMP  (proximal  effect)  and  through  a  more 
potent  distal  effect  involving  direct  inhibition  of  exocytosis  via  SRIF- dependent  activation  of 
calcineurin.  (B)  Induction  of  protein  tyrosine  phosphatase  by  SRIF  plays  a  key  role  in 
mediating  the  antiproliferative  response  by  dephosphorylating  growth  factor  receptor  kinases 
and  other  putative  substrates  such  as  p53.  Raf-1  and  mitogen-activated  protein  kinase  (MAPK) 
implicated  in  regulating  cell  proliferation  and  apoptosis. 


trations.  The  molecular  signal  in  sst3  that 
confers  subtype  selectivity  for  apoptosis  as 
well  as  the  downstream  pathways  for  both 
the  cytostatic  and  cytotoxic  actions  of 
SRIF  remains  to  be  unraveled  but  could 
involve  phosphorylation-dependent  mod¬ 
ulation  of  p53,  Raf-1,  MAPK,  and  others 
substrates  implicated  in  regulating  cell 
proliferation.  y 


•  Subtype-Selective  Biological 
Responses 

In  view  of  the  many  biological  actions  of 
SRIF,  an  important  question  that  arises  is 
whether  these  effects  are  subtype-selective 
or  whether  multiple  subtypes  are  involved 
in  mediating  a  given  response.  The  lack  of 
suitable  subtype-selective  SRIF  antago¬ 
nists  has  so  far  proved  to  be  a  major  im¬ 
pediment  in  elucidating  subtype-specific 
tissue  effects.  Based  on  the  pattern  of  ex¬ 
pression  of  sst  receptors  in  individual  tar¬ 
get  cells  as  determined  by  double-label  im- 
munocytochemistry  or  in  situ  hybridiza¬ 
tion,  there  is  growing  evidence  that  single 
cells  express  several  sst  subtypes  in  vary¬ 
ing  densities  (Day  et  al.  1995,  O'Carroll 
and  Krempels  1995,  Kumar  et  al.  1997). 
For  instance,  rat  somatotrophs  feature  all 
five  sst  isoforms,  with  sst5  being  the  pre¬ 
ponderant  species  (Day  et  al.  1995,  Kumar 
et  al.  1997).  On  the  basis  of  the  differential 
effects  of  various  SRIF  agonists  on  pitu¬ 
itary,  islet,  and  intestinal  responses,  sev¬ 
eral  studies  have  suggested  sst2  selectivity 
for  inhibition  of  GH,  glucagon,  and  gastric 
acid  secretion  in  the  rat;  sst5  selectivity  for 
insulin  inhibition  in  the  rat;  and  sst3  selec¬ 
tivity  for  gastric  smooth  muscle  contrac¬ 
tility  in  the  guinea  pig  (Rossowski  and  Coy 
1994,  Wyatt  et  al.  1996,  Gu  et  al.  1995). 
Unfortunately,  because  of  questions  con¬ 
cerning  the  subtype  monoselectivity  of  the 
SRIF  analogues  used  in  these  studies, 
these  findings  remain  inconclusive  (Patel 
and  Srikant  1994,  Bruns  et  al.  1996).  Us¬ 
ing  a  slightly  different  approach,  Shimon 
et  al.  (1997)  have  proposed  the  mediation 
of  both  sst2  and  sst5  in  regulating  GH  and 
TSH  secretion  from  the  human  fetal  pitu¬ 
itary.  A  sst2-deficient  knockout  mouse  has 
been  recently  generated  by  Zheng  et  al. 
(1997)  in  which  sst2  receptors  in  arcuate^ 
GHRH  neurons  were  found  to  be  solely 
responsible  for  mediating  GH-induced 
feedback  inhibition  of  GH.  Nonetheless/ 
the  animals  grew  normally  and  appeared 
healthy  up  to  15  months  of  age,  excluding 
an  essential  role  for  sst2  in  embryogenesis 


402 


©  1998,  Elsevier  Science  Inc.,  1043-2760/98/$  17.00  PII  SI 043-2760(97)00168-9 


TEM  Vol  8,  No.  10,  1997 


•  • 

or  postnatal  growth  and  development.  Al-  receptor  regulatory  function  or  to  an  alter- 
though  further  work  is  required  with  this  ation  in  the  pattern  and  composition  of 

model,  the  findings  so  far  do  not  support  a  the  various  subtypes  expressed  or  because 

preferential  role  of  the  sst2  subtype  in  the  of  abnormal  receptor  signaling, 
pituitary  or  other  peripheral  targets  in  the  Agonist-specific  desensitization  is  com- 
rodent.  mon  to  many  GPCRs  and  is  associated 


i  •  Agonist-Dependent  Regulation 
and  Desensitization  Responses 

Although  the  acute  administration  of 
SRIF-14  or  SMS  produces  a  diverse  range 
of  biological  effects,  the  initial  response 
diminishes  with  continued  exposure  to 
the  peptides  because  of  the  development 
of  tolerance  (Lamberts  et  al.  1996).  Pa¬ 
tients  with  SRIF-producing  tumors  dis¬ 
play  sustained  hypersomatostatinemia, 
which,  however,  causes  minimal  symp¬ 
tomatology,  notably  mild  steatorrhea,  dia¬ 
betes  mellitus,  and  cholelithiasis  second¬ 
ary  to  inhibition  of  pancreatic  exocrine 
secretion,  insulin  release,  and  gallbladder 
contraction.  Long-term  therapy  with  SMS 
is  remarkably  free  of  side  effects  (Lam¬ 
berts  et  al.  1996).  Most  patients  develop 
mild  steatorrhea  to  which  they  become 
tolerant  after  10-14  days.  Likewise,  they 
adapt  rapidly  to  some  of  the  other  effects 
of  SMS,  for  example,  inhibition  of  insulin 
and  TSH  secretion,  and  thereby  develop 
minimal  signs  of  carbohydrate  intoler¬ 
ance  or  hypothyroidism.  Some  effects, 
however,  do  persist,  for  example,  inhibi¬ 
tion  of  gallbladder  emptying,  which  gives 
rise  to  a  significant  increase  in  the  inci¬ 
dence  of  cholesterol  gallstones  (Lamberts 
et  al.  1996).  What  is  most  interesting  is 
that  hormone-producing  tumors  such  as 
GH  adenomas,  carcinoids,  and  VIPomas 
continue  to  respond  to  SMS  injections 
with  persistent  suppression  of  hormone 
secretion,  frequently  for  several  years. 
This  suggests  a  differential  regulation  of 
sst  receptors  in  normal  tissues  and  in  tu¬ 
mors.  Agonist-mediated  receptor  down- 
regulation  could  explain  the  desensitiza¬ 
tion  responses  of  insulin,  TSH,  and  pan¬ 
creatic  exocrine  secretion.  The  sst 
receptors  involved  in  modulating  biliary 
function  are  clearly  different,  because 
they  do  not  appear  to  downregulate  with 
continued  SRIF  treatment.  The  ability  of 
*%*  hormone-secreting  tumors  to  withstand 
desensitization  may  be  due  to  several  fac¬ 
tors.  Tumors  express  a  high  density  of  sst 
receptors  compared  with  surrounding 
normal  tissues  (Lamberts  et  al.  1996). 
Conceivably,  sst  receptors  in  tumors  be¬ 
have  differently  owing  to  a  loss  of  normal 


with  receptor  phosphorylation,  uncou¬ 
pling  of  the  receptor  from  G  proteins,  re¬ 
ceptor  internalization,  and  receptor  deg¬ 
radation.  Short-term  exposure  to  SRIF 
has  been  shown  to  induce  G-protein  un¬ 
coupling  and  sst  receptor  internalization 
in  pituitary  and  islet  cells.  Prolonged  ago¬ 
nist  exposure  (24-48  h)  upregulates  sst 
receptors  in  GH4Cj  and  RIN  M5f  cells 
(Presky  and  Schonbrunn  1988).  Because 
normal  pituitary  and  islet  cells  or  their 
tumor  cell  derivatives  express  multiple  sst 
subtypes,  it  has  been  necessary  to  study 
host  cells  stably  transfected  with  each  sst 
subtype  in  order  to  characterize  the  re¬ 
sponse  of  individual  SSTR  isotypes. 
hsst2  3f4  5  undergo  rapid  internalization  in 
a  time-  and  temperature-dependent  man¬ 
ner  over  60  min  in  CHO-K1  cells  upon 
agonist  activation  (Hukovic  et  al.  1996). 
Maximum  internalization  occurs  with  sst3 
(78%),  followed  by  sst5  (66%),  sst4  (29%), 
and  sst2  (20%).  In  contrast,  hsstj  fails  to 
be  internalized.  Prolonged  agonist  treat¬ 
ment  for  22  h  upregulates  hsstj  at  the 
membrane  by  1 1 0%,  hsst2  and  hsst4  by 
26%  and  22%,  respectively,  whereas 
hsst3  5  show  no  change  (Hukovic  et  al. 

1996) .  Agonist-promoted  receptor  upreg- 
ulation  also  occurs  with  other  receptors, 
for  example,  those  for  GnRH  and  dopam¬ 
ine  2,  and  involves  the  surface  recruitment 
of  preexisting  pools  of  receptors  (Ng  et  al. 

1997) .  The  underlying  molecular  signals 
remain  to  be  identified.  Desensitization 
and  internalization  of  sst2A  and  sst3  recep¬ 
tors  are  associated  with  phosphorylation 
of  cytoplasmic  residues,  especially  in  the 
carboxyl  terminal  segment  (Hipkin  et  al. 
1997,  Roth  et  al.  1997).  The  ability  of  SRIF 
to  regulate  its  receptors  may  provide  a 
mechanism  for  targeting  selective  sub- 
types  for  diagnosis  and  therapy.  For  in¬ 
stance,  upregulation  of  sstj  and  sst2  by 
appropriate  agonist  treatment  could  be 
used  for  enhancing  sst  receptor  expres¬ 
sion  for  receptor  scans.  Subtypes  such  as 
sst 3  and  sst5,  which  are  extensively  inter¬ 
nalized,  could  be  targeted  with  selective  a- 
or  p-emitting  sst  radioligands  for  radio¬ 
therapy  of  certain  sst-receptor-positive 
human  cancers. 


•  Concluding  Remarks 

During  the  6  years  since  the  first  sst  recep¬ 
tor  was  cloned,  great  progress  has  been 
made  toward  characterizing  the  structure 
and  molecular  pharmacology  of  this  re¬ 
ceptor  family,  which  now  has  five  mem¬ 
bers.  The  rich  pattern  of  expression  of  sst 
receptors  throughout  the  brain  and  in  pe¬ 
ripheral  tissues,  coupled  with  the  potent 
biological  effects  that  they  elicit,  clearly 
suggests  that  sst  receptors  represent  a  ma¬ 
jor  class  of  inhibitory  receptors  that  play 
an  important  role  in  modulating  higher 
brain  function,  the  secretory  process,  cell 
proliferation,  and  apoptosis.  Synthetic  ag¬ 
onists  of  SRIF  have  been  in  clinical  use  for 
over  10  years  and  now  occupy  an  impor¬ 
tant  therapeutic  niche  both  in  the  diagno¬ 
sis  and  treatment  of  tumors.  These  are, 
however,  first-generation  compounds  that 
interact  with  only  three  of  the  five  sst  sub- 
types.  The  development  of  other  more  se¬ 
lective  agonists,  as  well  as  subtype-specific 
antagonists,  should  greatly  expand  the 
scope  of  SRIF  pharmacotherapy.  Future 
studies  will  need  to  define  the  function  of 
individual  subtypes,  the  role  of  multiple 
subtypes  in  the  same  cell,  the  downstream 
signaling  pathways  responsible  for  growth 
arrest  and  apoptosis,  the  molecular  basis 
of  receptor  upregulation,  and  the  mecha¬ 
nisms  underlying  differential  desensitiza¬ 
tion  responses  in  tumor  cells  compared 
with  normal  cells.  Finally,  a  great  deal 
needs  to  be  learned  about  the  biology  of 
sst  receptor  dysfunction  in  neurological, 
gastroenterological,  and  immunological 
disorders. 
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SOMATOSTATIN  DISTRIBUTION  AND  ACTIONS 

Somatostatin  (SST)  a  tetradecapeptide  was  first  isolated  in  1973  from  the  hypothalamus  as 
a  growth  hormone  inhibitory  substance  (Brazeau  et  al.,  1973) .  Subsequent  studies  revealed  that  SST 
is  not  only  produced  in  the  hypothalamus,  but  also  occurs  widely  throughout  the  central  nervous 
system  and  in  the  periphery  (Hokfelt  et  al.,  1975;  Patel  and  Reichlin,  1978;  Reichlin,  1983).  Indeed, 
SST-like  immunoreactivity  has  been  found  in  many  tissues  in  both  vertebrate  and  invertebrate  species 
as  well  as  in  the  plant  kingdom.  In  mammals,  SST  producing  cells  occur  at  high  densities  throughout 
the  central  and  peripheral  nervous  systems,  in  the  endocrine  pancreas  and  in  the  gut,  and  in  small 
numbers  in  the  thyroid,  adrenals,  submandibular  glands,  kidneys,  prostate,  placenta,  and  lymphoid 
tissue  (Hokfelt  et  al.,  1975;  Reichlin,  1983;  Patel,  1992).  Somatostatin-containing  nerve  fibers  have 
been  detected  in  the  heart.  The  typical  morphological  appearance  ofia  SST-  producing  cell  is  that 
of  a  neuron  with  multiple  branching  processes,  or  a  secretory  cell  often  with  short  cytoplasmic 
extensions  (8  cells)  (Finley  et  al.,  1981;  Larsson  et  al.,  1979).  Brain  regions  rich  in  SST  producing 
cells  include  the  hypothalamus,  the  deeper  layers  of  the  cortex,  all  limbic  structures,  the  striatum,  the 
periaqueductal  central  grey  and  all  levels  of  the  major  sensory  pathways  (Finley  et  al.,  1981;  Patel, 
1992).  Gut  SST  cells  are  of  two  types:  8  cells  in  the  mucosa,  and  neurons  that  are  intrinsic  to  the 
submucous  and  myenteric  plexuses  (Hokfelt  et  al,  1975;  Larsson  et  al.,  1979).  Somatostatin  cells  in 
the  pancreas  are  confined  to  the  islet  where  they  occur  as  8  cells  in  close  proximity  to  the  insulin, 
glucagon,  and  pancreatic  polypeptide  producing  cells  (Dubois,  1975).  Within  the  thyroid,  SST 
coexists  with  calcitonin  in  a  subpopulation  of  C  cells  (Reichlin,  1983).  In  the  rat,  the  gut  accounts 
for  ~  65%  of  total  body  SST-like  immunoreactivity,  the  brain  for  ~  25%,  the  pancreas  for  ~  5%,  and 
the  remaining  organs  for  ~  5%  (Patel  and  Reichlin,  1978). 
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Along  with  its  extensive  tissue  distribution,  SST  acts  on  multiple  targets  to  produce  a  broad 
range  of  biological  effects  (Reichlin,  1983;  Patel,  1992).  It  functions  as  a  neurotransmitter  in  the 
brain,  with  effects  on  cognitive,  locomotor,  sensory,  and  autonomic  functions.  It  inhibits  both  the 
basal  and  stimulated  secretion  of  pituitary,  islet,  and  gastrointestinal  hormones,  and  suppresses  TSH- 
stimulated  release  of  thyroid  hormones,  calcitonin  release,  angiotensin  II  stimulated  aldosterone 
secretion,  and  acetylcholine  stimulated  adrenal  catecholamine  release  (Reichlin,  1983;  Patel,  1992). 
Furthermore,  it  has  been  shown  to  regulate  the  release  of  growth  factors  (IGF1,  EGF,  PDGF)  and 
cytokines  (EL-6,  If-y)  (Hayry  et  al.,  1993).  It  inhibits  gut  exocrine  secretion  and  suppresses  motor 
activity  generally,  as  well  as  through  inhibition  of  gastric  emptying,  gallbladder  contraction,  and  small 
intestinal  segmentation  (Reichlin,  1983;  Patel,  1992).  Other  effects  of  SST  include  vasoconstriction 
especially  in  the  splanchnic  circulation^  and  inhibition  of  proliferation  of  intestinal  mucosal  cells  and 
lymphocytes  (Reichlin,  1983;  Patel,  1992).  The  cellular  actions  of  SST  which  account  for  these 
diverse  effects  consist  of  the  modulation  of  secretion,  cell  proliferation,  and  neurotransmission. 

Somatostatin  genes,  gene  products  and  regulation  of  gene  expression 

Like  other  protein  hormones,  SST  is  synthesized  from  a  large  preprosomatostatin  (prepro 
SST)  precursor  molecule  that  is  processed  enzymatically  to  yield  several  mature  products  (reviewed 
in  Patel  et  al.,  1998,  in  press).  cDNAs  for  several  preproSST  molecules  were  first  identified  in  1980 
followed  by  the  elucidation  of  the  structure  of  the  rat  and  human  SST  genes  in  1984  (Montminy  et 
al.,  1984;  Shen  and  Rutter,  1984).  The  human  gene  maps  to  the  long  arm  of  chromosome  3. 
Mammalian  proSST  consists  of  a  92  amino  acid  protein  which  is  processed  predominantly  at  the  C- 
terminal  segment  to  generate  two  bioactive  forms  SST- 14  and  its  NH2  terminally  extended  form. 
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SST-28  (Patel  et  al.,  1998,  in  press)  .  The  two  peptides  are  synthesized  in  variable  amounts  by 
different  SST  producing  cells  due  to  differential  precursor  processing.  SST-14  predominates  in 
pancreatic  islets,  stomach,  and  in  neural  tissues  and  is  virtually  the  only  form  in  retina,  peripheral 
nerves  and  enteric  neurons.  SST-28  accounts  for  20-30%  of  total  immunoreactive  SST  in  brain  but 
it  is  not  clear  whether  it  is  cosynthesized  with  SST-14  or  whether  it  is  produced  in  separate  neurons. 
SST-28  is  synthesized  as  a  terminal  product  of  proSST  processing  in  intestinal  mucosal  cells  which 
constitute  the  largest  peripheral  source  of  the  peptide.  Several  genes  encoding  SST-like  peptides 
have  been  identified  (Montminy  et  al.,  1984;  Shen  and  Rutter,  1984;  Hobart  et  al.,  1980;  Tostivini 
et  al.,  1996;  Patel  et  al.,  1998,  in  press).  The  various  forms  of  SST  observed  in  mammals  are  all 
derived  from  differential  processing  of  a  common  precursor,  preproSST-I.  In  the  fish,  however,  there 
are  two  separate  genes,  one  corresponding  to  mammalian  preproSST-I  which  gives  rise  to  only  SST- 
14,  and  another  preproSST-II  which  generates  NH2-terminally  extended  forms  of  SST  such  as 
anglerfish  28,  a  homolog  of  mammalian  SST-28,  and  catfish  22.  The  SST-14  sequence  is  totally 
conserved  between  fish  and  mammals  whereas  mammalian  SST-28  shares  only  40-66%  homology 
with  its  fish  counterparts.  Interestingly,  expression  of  the  SST-28  encoding  genes  in  fish  is  restricted 
to  the  pancreatic  islets  whereas  the  SST-14  encoding  gene,  like  its  mammalian  counterpart,  is  widely 
expressed  in  many  body  cells  including  the  pancreas.  Recently,  a  novel  second  SST-like  gene  called 
cortistatin  (CST)  has  been  described  in  humans  and  rat  which  gives  rise  to  two  putative  cleavage 
products  comparable  to  SST-14  and  SST-28  (De  Lecea  et  al.,  1996).  These  consist  of  human  CST- 
17  and  its  rat  homolog  CST-14,  and  human  and  rat  CST-29.  Unlike  the  broad  distribution  of  the 
preproSST  I  gene,  gene  expression  of  CST  is  restricted  to  the  cerebral  cortex.  The  human  CST  gene 
is  distinct  from  the  preproSST  II  gene  and  appears  to  be  the  homolog  of  a  recently  described  novel 
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SST-like  gene  in  the  frog  whose  expression  is  also  restricted  to  the  brain  (Tostivini  et  al.,  1996). 
Based  on  nucleotide  sequence  homologies,  the  picture  that  emerges  suggests  that  the  preproSST  I 
gene  of  the  fish  is  the  common  ancestral  gene  which  has  evolved  into  the  human  preproSST  gene. 
The  preproSST  II  gene  of  teleosts  arose  from  a  gene  duplication  event.  A  separate  duplication  event 
in  the  tetrapod  lineage  ~  400  million  years  ago  gave  rise  to  the  CST  gene  which  has  been  carried 
through  from  amphibians  to  man  (Tostivini  et  al.,  1996). 

The  transcriptional  unit  of  the  rat  SST  gene  consists  of  exons  of  238  and  367  bp  separated 
by  an  intron  of  621  bp  (Montminy  et  al.,  1984;  Patel  et  al.,  1998,  in  press)  (INSERT  FIGURE  1 
ABOUT  HERE).  The  5'  upstream  region  contains  a  number  of  regulatory  elements:  a  variant  of  the 
TATA  box  at  -26  bp,  a  cAMP  response  element  (CRE)  at  -48  to  -41  bp,  two  nOnconsensus 
glucocorticoid  response  elements  (GREs)  at  -167  and  -219  bp,  and  a  consensus  insulin  response 
element  CGGA  activated  by  an  ETS-related  transcription  factor  in  the  5'  UT  at  +43  to  +46  bp.  In 
addition,  tissue-specific  promoter  elements  consisting  of  TAAT  motifs  that  operate  in  concert  with 
CRE  to  provide  high  level  constitutive  activity  are  reiterated  three  times  over  a  500  nucleotide  region 
(Patel  et  al.,  1998,  in  press).  Steady  state  SST  mRNA  levels  are  stimulated  by  various  members  of 
the  growth  factor-cytokine  family  (GH,  IGF-1,  IL-1,  TNFoc,  and  IL-6),  glucocorticoids,  testosterone, 
estradiol,  and  NMDA  receptor  agonists,  and  inhibited  by  glucocorticoids  and  insulin  (Patel  et  al., 
1998,  in  press) .  Among  the  intracellular  mediators  known  to  modulate  SST  gene  expression  are 
Ca2+,  cAMP,  cGMP,  and  nitric  oxide  (NO).  cAMP  is  a  potent  activator  of  both  gene  transcription 
and  secretion  of  SST  and  has  emerged  as  the  most  prominent  signalling  pathway  for  regulating  SST 
function.  cAMP  induces  transcription  of  the  SST  gene  via  CRE  which  binds  a  43  kDa  nuclear  protein 
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CREB  (cAMP  response  element  binding  protein)  whose  transcriptional  efficacy  is  regulated  through 
phosphorylation  by  the  cAMP-dependent  protein  kinase  A  (Montminy  et  al.,  1 995).  cAMP-inducible 
transcriptional  activation  in  turn  requires  the  recruitment  of  a  265  kDa  CREB  binding  protein  (CBP) 
which  acts  as  an  adaptor  molecule  linking  CREB  to  the  polymerase  II  complex  (Kowk  et  al.,  1994; 
Montminy  et  al.,  1995).  Ca2+  -dependent  induction  of  the  SST  gene  occurs  through  phosphorylation 
of  CREB  by  the  Ca2+  -dependent  protein  kinases  I  and  II.  Induction  of  the  SST  gene  by  GH  is 
transcriptionally  induced  through  promoter  interaction  at  the  -71  to  -44  bp  region  (Patel  et  al.,  1998, 
in  press).  IGF-1  and  IGF-2  also  stimulate  SST  gene  transcription  in  promoter  transfection  studies 
although  the  nature  of  the  promoter  interaction  remain  unknown.  Likewise,  the  molecular 
mechanisms  underlying  the  potent  stimulation  of  SST  mRNA  levels  by  cytokines  remains  to  be 
clarified.  Glucocorticoids  exert  a  dual  effect  on  the  SST  gene  involving  both  transcriptional 
activation  through  interaction  between  the  glucocorticoid  receptor  and  SST  promoter  elements 
between  -250  and  -71  bp,  as  well  as  through  accelerated  SST  mRNA  degradation  (Patel  et  al.,  1998, 
in  press).  Finally,  estrogens,  testosterone,  cGMP,  and  NO  all  augment  steady  state  SST  mRNA  levels 
but  the  direct  or  indirect  bases  as  well  as  the  molecular  mechanisms  underlying  the  effects  of  these 
agents  remain  to  be  determined. 

Identification  of  Somatostatin  Receptors  (SSTRsl 

The  actions  of  SST  are  mediated  through  high  affinity  plasma  membrane  receptors  (termed 
SST  receptors,  SSTRs)  which  were  first  described  in  the  pituitary  GH4Ci  cell  line  by  Schonbrunn  and 
Tashjian  using  whole  cell  binding  analyses  (Schonbrunn  and  Tashjian,  1978).  Subsequent  studies 
using  a  variety  of  other  techniques  such  as  membrane  binding  analyses,  in  vivo  and  in  vitro 
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autoradiography,  covalent  crosslinking,  and  purification  of  the  solubilized  receptor,  showed  the 
occurrence  of  SSTRs  in  varying  densities  in  brain,  gut,  pituitary,  endocrine  and  exocrine  pancreas, 
adrenals,  thyroid,  kidneys,  and  immune  cells  (reviewed  in  Patel  et  al.,  1995;  Reisine  and  Bell,  1995; 
Patel  et  al.,  1997).  SSTRs  have  also  been  localized  in  a  number  of  other  cell  lines,  e.g.  AtT-20 
pituitary  tumor  cells,  hamster  insulinoma  and  Rin  m5f  islet  tumor  cells,  AR42J  and  Mia  PaCa 
pancreatic  tumor  cells,  and  in  human  breast  cancer,  neuroblastoma,  glioma,  and  leukemic  and 
myeloma  cell  lines  (reviewed  in  Patel  et  al.,  1995;  Reisine  and  Bell,  1995;  Patel  et  al.,  1997).  The 
existence  of  more  than  one  SSTR  subclass  was  first  proposed  based  on  differential  receptor  binding 
potencies  and  actions  of  SST-14  and  SST-28  in  brain,  pituitary,  and  islet  cells  (Mandarino  et  al., 
1981;  Srikant  and  Patel,  1981).  Subsequent  studies  confirmed  and  extended  these  observations 
towards  the  realizatiotfthat  not  only  were  there  distinct  SST-14  and  SST-28  selective  receptors  but 
that  the  SST-14  binding  site  itself  was  heterogeneous  and  could  be  further  distinguished  into  two 
subclasses  that  are  differentially  sensitive  to  the  octapeptide  SST  analog  SMS201995  (Tran  et  al., 
1985).  Identical  findings  were  reported  with  the  hexapeptide  SST  analog  MK678  and  led  to  the 
classification  of  SSTRs  into  two  subtypes,  SRIF  I  which  bound  octapeptide  and  hexapeptide  analogs 
and  SRIF  II  which  was  insensitive  to  these  compounds  (Reisine  and  Bell,  1995).  Attempts  to 
characterize  the  molecular  properties  of  SSTRs  by  chemical  crosslinking  of  receptor  bound 
radioligands  have  yielded  widely  divergent  size  estimates  ranging  from  21-228  kDa  (Patel  et  al.,  1995; 
Reisine  and  Bell,  1995;  Patel  et  al.,  1997).  Much  of  this  discrepancy  may  be  explained  by  differential 
glycosylation  of  the  receptor  proteins  and  by  the  use  of  different  ligands,  different  crosslinking 
conditions,  and  possibly  receptor  degradation.  Photoaffinity  labelling  and  purification  studies,  which 
are  much  more  specific,  have  provided  evidence  for  the  existence  of  several  molecular  species  of 
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SSTR  proteins  of 32-85  kDa  which  are  expressed  in  a  tissue-specific  manner,  and  some  which  exhibit 
selective  agonism  for  SST-14  or  SST-28.  In  the  rat,  these  include  a  58  kDa  form  found  in  most 
tissues  and  additional  32  kDa  and  80  kDa  receptor  proteins  unique  to  the  brain  and  pituitary 
respectively  (Srikant  et  al.,  1992).  Photoaffinity  labelled  bands  of  72,  75,  82,  and  85  kDa  have  been 
identified  respectively  in  HIT  insulinoma,  AR42J  pancreatic  and  AtT-20  and  GH^  pituitary  tumor 
cells  (Brown  et  al.,  1990). 

Molecular  Cloning  of  Somatostatin  Receptors 

Proof  of  the  existence  of  more  than  one  subtype  of  the  SSTR  came  in  1992  with  molecular 
cloning  which  revealed  a  more  extensive  receptor  family  than  previously  suspected  from 
pharmacological  and  biochemical  criteria  (Patel  et  al.,  1995;  Reisine  and  Bell,  1995;  Patel,  1997). 
To  date  five  distinct  SSTR  genes  have  been  identified  (INSERT  TABLE  1  ABOUT  HERE). 
Yamada  et  al  (1992)  cloned  the  first  two  SSTRs  (SSTR1  and  SSTR2)  in  early  1992  as  the  human  and 
mouse  homolog  of  SSTR1  and  SSTR2.  The  rat  SSTR2  gene  was  identified  simultaneously  by 
Kluxen  et  al  (1992).  The  success  of  these  two  laboratories  was  rapidly  followed  by  the  cloning  of 
rat  SSTR1,  bovine  and  porcine  SSTR2,  mouse,  rat  and  human  SSTR3,  rat,  mouse  and  human 
SSTR4,  and  rat,  mouse,  and  human  SSTR5  (Patel  et  al.,  1995;  Reisine  and  Bell,  1995;  Patel,  1997). 
Genes  for  four  of  the  receptors  (SSTR1,3,4,5)  lack  classical  introns.  The  SSTR2  gene  displays  a 
cryptic  intron  at  the  3'  end  of  the  coding  segment  which  gives  rise  to  two  separate  isoforms,  a  long 
(SSTR2A)  and  a  short  (SSTR2B)  variant  through  alternate  mRNA  splicing  (Vanetti  et  al.,  1992; 
Patel  et  al.,  1993).  In  the  human  gene,  the  spliced  exon  encodes  for  25  amino  acid  residues  compared 
to  38  residues  in  the  unspliced  form  (Patel  et  al.,  1993).  The  2A  and  2B  variants  differ  only  in  the 
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length  of  the  cytoplasmic  C-tail.  There  are  thus  six  putative  SSTR  subtypes  of  closely  related  size, 
each  displaying  a  7  transmembrane  domain  (TM)  topology  typical  of  G-protein  coupled  receptors 
(GPCR)  (INSERT  FIGURE  2  ABOUT  HERE).  In  humans,  the  five  SSTR  genes  localize  on  separate 
chromosomes  (Table  1).  The  encoded  receptor  proteins  range  in  size  from  356-391  amino  acid 
residues  and  show  the  greatest  sequence  similarity  in  the  putative  TMs  (55-70%  sequence  identity), 
and  diverge  the  most  at  their  amino  and  carboxy  terminal  segments  (Patel  et  al.,  1995;  Reisine  and 
Bell,  1995;  Patel,  1997).  Overall,  there  is  39-57%  sequence  identity  among  the  various  members  of 
the  SSTR  family.  All  SSTR  isoforms  that  have  been  cloned  so  far  from  humans  as  well  as  other 
species  possess  a  highly  conserved  sequence  motif  YANSCANPI/VLY  in  the  VHth  TM  which  serves 
as  a  signature  sequence  for  this  receptor  family  (Fig.  2).  The  five  hSSTRs  display  1-4  sites  for  N- 
linked  glycosylation  within  the  amino  terminal  segment  and  second  extracellular  loop  (ECL)  (subtype 
5).  All  of  the  hSSTRs  feature  3-8  putative  recognition  motifs  for  protein  phosphorylation  by  protein 
kinase  A,  protein  kinase  C,  and  calmodulin  kinase  II  in  the  cytoplasmic  C-terminal  segment  and  within 
the  second  and  third  intracellular  loops.  hSSTRl,  2,  4,  5  display  a  conserved  cysteine  residue  12 
amino  acids  downstream  from  the  Wth  TM  which  may  be  the  site  of  a  potential  palmitoyl  membrane 
anchor  as  observed  in  several  other  members  of  the  GPCR  superfamily  Covalent  attachment  of 
palmitic  acid  in  this  position  likely  creates  a  fourth  cytoplasmic  loop.  Interestingly,  hSSTR3  which 
uniquely  lacks  the  cysteine  palmitoylation  membrane  anchor  features  a  much  longer  C-tail  than  the 
other  four  members  of  the  family.  Using  polyclonal  antipeptide  receptor  antibodies,  Western  blot 
analysis  of  the  five  hSSTR  subtypes  individually  expressed  in  mammalian  cell  lines  has  revealed  size 
estimates  of  53-72  kDa  for  hSSTRl,  71-95  kDa  for  hSSTR2,  65-85  kDa  for  hSSTR3,  45  kDa  for 
hSSTR4,  and  52-66  kDa  for  hSSTR5  (Patel  et  al.,  1994;  Helboe  et  al.,  1997)  (Table  1).  Enzymatic 
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deglycosylation  reduces  the  size  of  hSSTRl,  2,  3,  and  5  to  that  of  the  core  protein  confirming  N- 
linked  glycosylation  of  these  four  subtypes  (Helboe  et  al.,  1997).  hSSTR4  on  the  other  hand  does 
not  appear  to  be  glycosylated  at  its  single  putative  glycosylation  site  (Helboe  et  al.,  1997).  The  size 
of  the  native  rat  SSTR2  receptor  has  been  determined  by  Western  blot  analysis  of  brain  and 
pancreatic  membranes  as  well  as  by  purification  of  the  receptor  from  GH4Q  cells  to  be  in  the  range 
of 72-90  kDa,  comparable  to  that  of  the  human  homolog  (Patel  et  al.,  1994;  Doumaud  et  al.,  1996; 
Mezey  et  al.,  1998).  The  five  SSTR  subtypes  display  a  remarkable  degree  of  structural  conservation 
across  species.  For  instance,  there  is  94-99%  sequence  identity  between  the  human  rat  and  mouse 
isoforms  of  SSTR1,  93-96%  sequence  identity  between  human,  rat,  mouse,  porcine,  and  bovine 
isoforms  of  SSTR2,  and  88%  sequence  identity  between  the  rat  and  human  isoforms  of  SSTR4. 
SSTR3  and  SSTR5  are  somewhat  less  conserved  showing  82-83%  sequence  identity  between  the 
human  and  rodent  homolog.  The  nearest  relatives  of  the  SSTRs  are  the  opioid  receptors  whose  5 
subtype  displays  a  37%  sequence  similarity  to  the  mouse  SSTR1 .  The  question  of  whether  there  are 
additional  members  of  the  SSTR  family  still  waiting  to  be  cloned,  remains  open.  There  is  some 
evidence  for  a  variant  form  of  SSTR5  (Patel  et  al.,  1 994).  Cortistatin  which  is  capable  of  interacting 
with  the  five  known  SSTR  subtypes,  nonetheless  possesses  unique  neuronal  depressant  and  sleep 
modulating  properties  that  are  not  present  in  SST,  suggesting  a  separate  CST  receptor  which  may 
be  related  to  the  SSTR  family  (De  Lecea  et  al.,  1996;  Patel,  1997).  Several  novel  genes  with 
sequence  similarity  to  the  SSTR  family  have  been  recently  described.  Two  of  these  (SLC-l/GPR-24, 
GPR-25)  display  34-40%  sequence  homology  with  the  TMs  of  SSTRs  but  do  not  contain  the 
YANSCANPI/VLY  motif  (Kolakowski  et  al.,  1996;  Jung  et  al.,  1997).  These  receptors  do  not  bind 
SST  or  any  other  known  ligand  and  therefore  currently  remain  as  orphan  receptors  which  probably 
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belong  to  a  related  family. 

Somatostatin  Agonists  and  Antagonists 

Like  other  transmitter  substances,  endogenous  SST  is  thought  to  be  produced  mainly  at  local 
sites  of  action  and  is  rapidly  inactivated  following  release  by  peptidases  in  tissue  and  blood,  thereby 
minimising  unwanted  systemic  effects.  Injections  of  synthetic  SST,  however,  produce  a  wide  array 
of  effects  due  to  simultaneous  activation  of  multiple  target  sites.  Thus,  for  effective  pharmacotherapy 
with  SST,  it  is  necessary  to  design  analogs  with  more  selective  actions  and  with  greater  metabolic 
stability  than  the  naturally  occurring  peptides  (INSERT  FIGURE  3  ABOUT  HERE).  Structure- 
activity  studies  of  SST- 14  have  shown  that  amino  acid  residues  Phe7 ,  Trp  8,  Lys 9  and  Thr 10  which 
comprise  a  (3  turn  are  necessary  for  biological  activity  with  residues  Trp8  and  Lys9  being  essential, 
whereas  Phe7  and  Thr10  can  undergo  minor  substitutions,  e.g.  Phe  -4  Tyr  and  Thr  ->  Ser  or  Val.  The 
general  strategy  for  designing  SST  analogs  has  been  to  retain  the  crucial  Phe7,  Trp8 ,  Lys'  ,  Thf° 
segment  and  to  incorporate  a  variety  of  cyclic  and  bicyclic  restraints  through  either  a  disulphide  bond 
or  amide  linkage  to  stabilize  the  P  turn  around  the  conserved  residues.  In  this  way,  a  library  of  short 
synthetic  compounds  have  been  synthesized,  several  of  which  show  greater  metabolic  stability  and 
subtype  selectivity  compared  to  SST-14  (INSERT  TABLE  2  ABOUT  HERE).  The  five  hSSTR 
subtypes  bind  SST-14  and  SST-28  with  nanomolar  affinity.  hSSTRl-4  bind  SST-14  >  SST-28 
whereas  hSSTR5  exhibits  10-15  fold  selectivity  for  SST-28  compared  to  SST-14  (Patel  and  Srikant, 
1994;  Patel  et  al.,  1995;  Patel,  1997).  The  putative  mature  products  of  the  CST  precursor  hCST-17 
and  rCST-14  display  nanomolar  affinity  for  the  five  hSSTRs.  Synthetic  rCST-29  binds  to  hSSTRl , 
3, 4  with  comparable  affinity  to  SST-14.  Its  affinity  for  SSTR2  and  SSTR5  is  5-100  fold  lower  than 
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that  of  SST-14  and  SST-28  (Patel,  1997).  The  two  octapeptide  analogs  SMS201995  (SMS, 
Octreotide),  and  BIM23014  (Lanreotide)  that  are  in  clinical  use,  as  well  as  the  octapeptide  RC160 
(Vapreotide)  and  the  hexapeptide  MK678  (Seglitide)  bind  to  only  three  of  the  five  hSSTR  subtypes, 
displaying  high  affinity  for  subtypes  2  and  5  and  moderate  affinity  for  subtype  3  (Patel  et  al.,  1995; 
Reisine  and  Bell,  1995;  Patel,  1997;  Patel  and  Srikant,  1994;  Bruns  et  al.,  1996;  Shimon  et  al.,  1997). 
It  should  be  noted  that  the  binding  affinity  of  SMS,  B1M23014,  RC160,  and  MK678  for  subtypes  2 
and  5  is  comparable  to  that  of  SST-14  indicating  that  they  are  neither  selective  for  these  subtypes  nor 
more  potent  than  the  endogenous  ligands  (Patel  and  Srikant,  1994).  The  striking  low  affinity 
interaction  of  hSSTRl  and  4  with  the  conformationally  restricted  analogs,  coupled  with  their  high 
degree  of  amino  acid  identity  has  led  to  the  subdivision  of  these  two  receptors  into  a  distinct  SSTR 
subclass  (Hoyer  et  al.,  1995).  SSTR2,  3,  and  5  react  with  these  analogs  and  fall  inter  another 
subgroup.  These  two  subclasses  correspond  to  the  previously  described  SRIF II  and  SREF I  receptor 
subtypes  respectively.  Other  than  SST-14  and  SST-28  and  some  of  their  immediate  structural 
derivatives,  there  are  no  current  SST  compounds  capable  of  binding  to  all  five  subtypes  (Patel  and 
Srikant,  1994).  The  analog  Des  AAUS  [D-Trp8  IAMP9]  SST  (CH275)  has  been  recently  described 
as  a  SSTR1  selective  compound  (Liapakis  et  al.,  1996).  In  our  hands,  CH275  also  binds  to  SSTR4 
and  appears  to  be  a  prototypic  agonist  for  the  SSTR1,4  subclass  (Patel,  1997).  Several  other  SST 
analogs  have  been  similarly  reported  to  be  selective  for  one  SSTR  subtype,  e.g.  BIM23056  (SSTR3), 
and  BIM23052  and  L362-855  (SSTR5)  (Reisine  and  Bell,  1995).  Because  of  methodological 
variations  in  the  binding  analyses,  such  claims  of  subtype  selectivity  of  these  and  other  analogs  have 
not  been  confirmed  by  others  and  remain  disputed  (Patel  and  Srikant,  1994;  Bruns  et  al.,  1996).  To 
resolve  these  discrepancies,  several  groups  have  analysed  these  and  other  SST  analogs  under  uniform 
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binding  conditions  using  only  the  human  SSTR  clones  (Patel  and  Srikant,  1994;  Bruns  et  al.,  1996; 
Shimon  et  al.,  1997).  On  the  basis  of  these  results,  BIM23268  displays  modest  selectivity  for 
hSSTR5  and  appears  to  be  the  only  currently  available  subtype  monospecific  analog.  L362855  binds 
well  to  SSTR5  and  SSTR2,  being  only  weakly  selective  for  SSTR5.  NC8-12  displays  modest  20-50 
fold  selectivity  for  hSSTR2  and  3;  DC2360,  EC5-21,  and  BIM23 197  exhibit  19-50  fold  selectivity 
for  hSSTR2  although  these  compounds  also  bind  well  to  hSSTR5.  Overall  then  these  results  suggest 
that  the  binding  selectivity  of  the  present  generation  of  SST  analogs  for  the  human  SSTR  subtypes 
is  relative  rather  than  absolute;  except  for  BIM23268  which  displays  some  monospecificity  for 
hSSTR5,  there  are  no  other  pure  agonists  available  for  any  of  the  individual  subtypes.  Very  recently, 
the  first  potential  SST  peptide  antagonists  have  been  described  (Bass  et  al.,  1996).  One  such 
compound  [Ac-4-N02  -  Phe-c  (D-Cys-Tyr-D-Trp-Lys-Thr-Cys)  -D-Tyr-NH2  ]  binds  to  hSSTR2  and 
hSSTR5  with  nM  affinity  but  antagonizes  receptor-effector  coupling  to  adenylyl  cyclase  (Bass  et  al., 
1996).  A  second  peptide  BIM23056  also  blocks  hSSTR5  signalling  and  appears  to  be  an  antagonist 
for  this  subtype  (Wilkinson  et  al.,  1997). 

Ligand  Btnptng  Domain 

Because  of  the  difficulty  in  crystalizing  GPCRs,  attempts  to  elucidate  the  ligand  binding 
domain  of  these  molecules  have  resorted  to  indirect  methods  such  as  site-directed  mutagenesis  and 
receptor  chimeras.  Such  studies  from  other  GPCR  systems  have  suggested  that  the  ligand  binding 
domain  is  made  of  a  number  of  noncontiguous  amino  acid  residues  which  form  a  binding  pocket 
within  the  folded  3  dimensional  structure  of  the  receptor  (Baldwin,  1994).  An  alternative  view 
proposes  that  there  is  no  binding  cavity  as  such,  but  that  agonists  interact  with  crucial  residues  in  the 


15 


extracellular  and/or  TM  domains  to  stabilize  preformed  active  receptor  conformations  ((Schwartzz 
and  Rosenkilde,  1996).  In  the  case  of  very  large  protein  ligands  such  as  glycoprotein  hormones,  the 
interacting  residues  appear  to  be  exclusively  located  in  the  amino  terminal  segment.  Biogenic  amines 
interact  with  residues  exclusively  within  the  TMs.  In  contrast,  the  ligand  binding  site  of  peptide 
agonists  comparable  to  SST  typically  involves  residues  in  the  ECLs  or  both  the  ECLs  and  the  TMs. 

By  talcing  advantage  of  the  binding  selectivity  of  ligands  such  as  SMS  for  hSSTR2  but  not  hSSTRl, 
Kaupman  et  al  (1995)  systematically  mutated  hSSTRl  to  resemble  hSSTR2.  They  identified  two 
crucial  residues  Gin291  and  Ser305  in  TMs  VI  and  VII  respectively  of  hSSTRl  substitution  of  which 
for  the  corresponding  residues  Asn276  and  Phe294  in  hSSTR2  increased  the  affinity  of  hSSTRl  for 
SMS  and  other  octapeptide  analogs  1000  fold.  By  molecular  modelling  using  these  identified 
residues  as  well  as  the  known  structure  of  SMS,  Kaupman  et  al  have  postulated  a  binding  cavity  for 
SMS  involving  hydrophobic  and  charged  residues  located  exclusively  within  TMs  III- VII.  Their 
model  predicts  that  the  core  residues  Phe7 ,  Trp  8 ,  Lys 9  and  Thr 10  of  SMS  interact  with  Asn  276  and 
Phe  294  located  at  the  outer  end  of  TMs  VI  and  VII  respectively  (present  in  hSSTR2  but  not  in 
hSSTRl)  which  provide  a  hydrophobic  environment  for  lipophilic  interactions  with  Phe 7 ,  Trp  8  and 
Thr 10 ,  whereas  Asp  137  in  TM  m  anchors  the  ligand  by  an  electrostatic  interaction  with  Lys9 .  SMS 
binds  poorly  to  hSSTRl  because  of  the  presence  of  residues  Gin291  and  Sei305  located  close  to  the 
extracellular  rims  of  TM  helices  VI  and  VII  which  prevent  the  short  peptide  from  reaching  deep 
within  the  pocket  whereas  the  corresponding  residues  Asn276  and  Phe294  in  hSSTR2  provide  for  a 
stable  interaction  with  the  disulphide  bridge  of  SMS.  Because  of  their  greater  length  and  flexibility, 
the  natural  ligands  SST-14  and  SST-28  can  presumably  adopt  a  conformation  that  allows  their  entry 
into  the  binding  pocket  of  all  five  SSTRs.  Such  a  model  is  consistent  with  mutational  studies  of  the 
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Asp  residue  in  TM  m  which  abolishes  ligand  binding  although  it  is  not  known  whether  this  is  due  to 
a  direct  interaction  of  the  residue  with  SST  ligands  or  to  an  allosteric  alteration  in  receptor  structure 
(Nehring  et  al.,  1995).  Using  chimeric  mouse  SSTR1/SSTR2  receptors,  Fitz-Patrick  and  Vandlen 
have  confirmed  the  importance  of  residues  in  the  upper  segments  of  TMs  VI  and  VII  for  binding  the 
hexapeptide  MK678  (Fitz-Patrick  and  Vandlen,  1994).  It  should  be  noted  that  the  residues  identified 
by  mutagenesis  so  far  to  be  important  in  recognizing  SMS  and  MK678  have  not  been  shown  directly 
to  be  critical  for  binding  the  natural  ligands  SST-14  and  SST-28.  Furthermore,  the  assumption  that 
the  hSSTR2  ligand  binding  pocket  may  be  common  for  the  other  SSTR  subtypes  may  not  be  valid 
since  closely  related  GPCRs  feature  different  sets  of  epitopes  for  binding  of  a  common  ligand.  The 
involvement  of  the  extracellular  domains  for  binding  SST  ligands  has  been  investigated  by 
Greenwood  et  al  (Greenwood  et  al.,  1997).  Their  results  predict  a  potential  contribution  of  ECL2 
(but  not  of  ECL1,  ECL3  or  the  amino  terminal  segment)  to  binding  of  the  natural  SST  ligands  (SST- 
14,  SST-28)  as  well  as  SMS.  The  overall  model  that  emerges  from  these  studies  suggests  a  binding 
domain  for  SST  ligands  made  up  of  residues  within  TMs  III- VII,  with  a  potential  contribution  by 
ECL2,  and  is  consistent  with  other  peptide  binding  GPCRs  such  as  neurokinin  I,  angiotensin  II,  and 
GnRH  receptors  which  also  interact  with  residues  in  both  ECLs  and  TMs. 

Expression  of  SSTR  Subtypes 

The  cellular  expression  of  SSTR  subtypes  has  been  characterized  in  rodent  and  human  tissues 
as  well  as  various  tumors  and  tumor  cell  lines  by  mRNA  analysis  using  Northern  blots,  reverse 
transcriptase-PCR,  ribonuclease  protection  assay,  and  in  situ  hybridization.  With  the  recent 
development  of  subtype  selective  SSTR  antibodies,  several  laboratories  have  additionally  begun  to 
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localize  the  individual  SSTR  proteins  by  immunocytochemistry.  These  studies  have  revealed 
expression  of  multiple  SSTR  mRNAs  in  brain  and  peripheral  organs  with  an  overlapping  but 
characteristic  pattern  that  is  subtype-selective,  tissue-specific,  and  species-specific  (Patel  et  al.,  1995; 
Reisine  and  Bell,  1995;  Patel,  1997).  In  the  rat,  mRNA  for  SSTR1-5  has  been  localized  in  cerebral 
cortex,  striatum,  hippocampus,  amygdala,  olfactory  bulb,  and  preoptic  area  (reviewed  in  Bruno  et  al., 
1993).  Areas  rich  in  expression  of  individual  subtype  genes  are  cerebral  cortex  for  types  1  and  2, 
amygdala  for  types  1  and  3,  and  the  hypothalamus  and  preoptic  area  for  type  5.  SSTR4  is  the  least 
well  expressed  subtype  in  brain  compared  to  the  other  four  isoforms.  In  contrast  to  the  rat,  there  is 
negligible  expression  of  SSTR5  mRNA  in  the  human  brain  (Thoss  et  al.,  1996).  The  distribution  of 
SSTR2  in  rat  brain  by  immunohistochemistry  shows  a  rich  expression  of  receptors  in  neuronal 
perikarya,  dendrites,  and  axon  terminals  in  cerebral  cortex  and  limbic  structures  (Dournaud  et  al., 
1997).  Furthermore,  double  labelling  studies  have  suggested  that  a  subset  of  SSTR2  receptors 
consist  of  autoreceptors  on  SST  immunopositive  neurons  (Dournaud  et  al.,  1998).  Adult  rat 
pituitary  features  all  five  SSTR  genes  whereas  the  adult  human  pituitary  expresses  four  of  the 
subtypes  1,  2,  3,  and  5  (Bruno  et  al.,  1993;  Panetta  and  Patel,  1994;  Day  et  al.,  1995;  O’Carroll  and 
Krempels,  1995).  hSSTR4  is  transiently  expressed  during  development  but  is  absent  in  the  adult 
(Panetta  and  Patel,  1994).  Colocalization  of  the  SSTRs  in  pituitary  cell  subsets  in  the  rat  has  revealed 
expression  of  one  or  more  subtypes  in  all  of  the  major  pituitary  cell  types  including  corticotrophes 
and  gonadotrophes,  previously  thought  to  be  SSTR  negative  (Day  et  al.,  1995;  O’Carroll  and 
Krempels,  1995).  SSTR5  is  the  principal  subtype  expressed  throughout  the  pituitary  followed  by 
SSTR2  (Day  et  al.,  1995).  Immunohistochemical  colocalization  has  demonstrated  SSTR5  as  the 
predominant  subtype  in  rat  somatotrophes  being  expressed  in  86%  of  cells  (Kumar  et  al.,  1997).  The 


18 


preponderance  of  SSTR5,  the  only  SST-28  preferring  subtype,  correlates  with  the  reported  higher 
potency  of  SST-28  than  SST-14  for  inhibiting  GH  secretion  in  the  rat.  A  proportion  of 
somatotrophes  colocalize  both  SSTR5  and  SSTR2  providing  proof  for  the  expression  of  more  than 
one  SSTR  subtype  in  individual  target  cells  (Mezey  et  al.,  1998).  Although  there  are  no  direct  data 
on  the  pattern  of  expression  of  SSTRs  in  the  human  pituitary,  SSTR5  and  SSTR2  appear  to  be  the 
principal  subtypes  mediating  GH  suppression  in  the  human  based  on  pharmacological  evidence 
correlating  the  preferential  agonist  binding  properties  of  some  SST  analogs  for  SSTR2  and  SSTR5 
with  their  ability  to  regulate  GH  secretion  from  human  fetal  pituitary  cultures  (Shimon  et  al.,  1997). 

Previous  studies  using  autoradiography  have  described  SST-14  selective  binding  sites  on  rat 
islet  a  cells  and  SST-28  preferring  sites  on^  cells  which  may  account  for  the  selective  suppression 
of  glucagon  by  SST-14  and  of  insulin  by  SST-28  in  this  species  (Amherdt  et  al.,  1987).  Rat  islets 
have  been  found  to  express  all  five  SSTR  mRNA  species  (Patel  et  al.,  1995).  In  the  case  of  human 
islets,  immunohistochemical  colocalization  of  SSTR1-5  with  insulin,  glucagon,  and  SST  has  revealed 
predominant  expression  of  SSTR1,  2,  and  5  (Kumar  et  al.,  1998).  Like  pituitary  cells,  islet  p,  a,  and 
6  cells  each  express  multiple  SSTR  isoforms.  Although  there  is  no  absolute  specificity  of  any  SSTR 
for  an  islet  cell  type,  SSTR1  is  preferentially  expressed  in  P  cells,  SSTR2  in  a  cells,  and  SSTR5  in 
P  and  6  cells.  Such  selectivity  could  form  the  basis  for  preferential  insulin  suppression  by  SSTR5 
specific  ligands  and  of  glucagon  inhibition  by  SSTR2  selective  compounds.  Human  stomach 
expresses  all  five  SSTR  subtypes  (LeRomancer  et  al.,  1996).  Rat  small  intestine  displays  moderate 
levels  of  SSTR1  and  5,  low  levels  of  SSTR3  and  4,  but  no  expression  of  SSTR2  mRNA  (Bruno  et 
al.,  1993).  The  adrenals,  a  known  target  of  SST  action,  display  a  rich  concentration  of  SSTR2  and 
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modest  levels  of  SSTR1  and  3  (Bruno  et  a 1, 1993;  Patel  et  al.,  1995).  A  number  of  peripheral  organs 
exhibit  a  surprising  level  of  expression  of  some  SSTR  subtypes,  e.g.  SSTR3  in  the  liver  and  spleen, 
SSTR4  in  the  lung  heart,  and  placenta,  and  SSTR1, 2,  and  3  in  spermatocytes  and  Sertoli  cells  in  the 
testis  (Bruno  et  al.,  1993;  Patel  et  al.,  1995;  Zhu  et  al.,  1998). 

In  addition  to  normal  tissues,  many  tumor  cell  lines  of  pituitary  (AtT-20,  GH^Cj),  islet  (Rin 
m5f,  HIT),  pancreatic  (AR42J),  breast  (MCF7)  and  neural  (LA-N-2  neuroblastoma)  origin  are  rich 
in  SSTRs  that  are  typically  expressed  as  multiple  SSTR  mRNA  subtypes  (Patel  et  al.,  1995;  Reisine 
and  Bell,  1995;  Patel,  1997).  Likewise,  the  majority  of  human  tumors  either  benign  or  malignant  are 
generally  positive  for  SSTRs  featuring  more  than  one  isotype  (Patel,  1997).  These  include 
functioning^  and  nonfunctioning  pituitary  tumors,  carcinoid  tumors,  insulinomas,  glucagonomas, 
pheochromocytoma,  breast  carcinoma,  renal  carcinoma,  prostate  carcinoma,  meningioma,  and  glioma. 
The  general  pattern  of  SSTR  expression  in  these  tumors  suggests  a  very  high  frequency  of  SSTR2 
mRNA  in  all  tumors.  mRNA  for  SSTR1  is  the  next  most  common,  followed  by  SSTR3  and  4. 
SSTR5  expression  appears  to  be  tumor-specific  being  100%  positive  in  some  tumors,  e.g.  breast,  but 
absent  in  others,  e.g.  islet  cell  tumors  (Patel,  1997).  It  should  be  noted  that  all  analyses  of  SSTR 
subtypes  in  tumors  carried  out  so  far  are  based  on  mRNA  expression  which  may  not  necessarily 
reflect  functional  receptor  levels.  Future  studies  will  need  to  correlate  mRNA  expression  with 
receptor  protein  expression  by  immunocyto chemistry  or  binding  analyses  with  subtype  selective 
analogs. 
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G  Protetn  Coupling  and  Signal  Transduction 

Somatostatin  receptors  elicit  their  cellular  responses  through  G  protein-linked  activation  of 
multiple  second  messenger  systems  including  adenylyl  cyclase,  Ca2+  and  K+  ion  channels,  a  Na+/H+ 
antiporter,  guanylate  cyclase,  phospholipase  C,  phospholipase  A2 ,  MAP  kinase  (MAPK),  and  serine 
threonine,  and  phosphotyrosyl  protein  phosphatase  (PTP)  (Patel  et  al,  1995;  Reisine  and  Bell,  1995; 
Patel,  1997)  (Table  1).  Inhibition  of  adenylyl  cyclase  and  cAMP  formation  is  a  key  event  in  SSTR 
signalling  Based  on  the  ability  of  antiserum  to  G{  or  antisense  Gj  plasmids  to  block  SSTR  inhibition 
of  adenylyl  cyclase  in  AtT-20  and  Gf^Q  cells,  all  three  Gia  subunits,  Gial ,  Gia2 ,  and  Gia3  have  been 
shown  to  mediate  SSTR  coupling  to  adenylyl  cyclase  (Tallent  and  Reisine,  1992;  Liu  et  al,  1994;  Zhu 
et  al,  1998).  SSTRs  are  coupled  to  several  subsets  of  K+  channels  including  delayed  rectifier,  inward 
rectifier,  ATP-sensitive  K+  channels,  and  large  conductance  Ca2+  activated  BK  channels  (Patel  et  al, 
1995;  Reisine  and  Bell,  1995;  Patel,  1997).  Gia3 ,  and  Py  dimers  which  associate  with  Gitt3  appear  to 
be  responsible  for  transducing  SSTR  activation  of  the  inwardly  rectifying  K+  current.  G  protein 
mediation  of  the  other  K+  channel  subsets  remains  to  be  determined.  Receptor  activation  of  K 
r-.hannpils  induces  hyperpolarization  of  the  membrane,  rendering  it  refractory  to  spontaneous  action 
potential  activity  leading  to  a  secondary  reduction  in  intracellular  Ca2+  due  to  inhibition  of  the  normal 
depolarization  induced  Ca2+  influx  via  voltage  sensitive  Ca?+  channels.  In  addition  to  this  indirect 
effect  on  Ca2+  entry,  SSTRs  act  directly  on  high  voltage-dependent  Ca2+  channels  via  Goa2  protein 
to  block  Ca2+  currents.  Stimulation  of  both  IC  and  C&+  channels  can  additionally  occur  through 
dephosphorylation  of  the  channel  proteins  secondary  to  SSTR  activation  of  a  serine  threonine 
phosphatase  (White  et  al,  1991).  Furthermore,  SSTRs  may  inhibit  Ca2+  currents  through  induction 
of  cGMP  which  activates  cGMP  protein  kinase  with  further  phosphorylation-dependent  inhibition  of 
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Ca2+  channels  (Meriney  et  al,  1994).  SSTRs  activate  a  number  of  phosphatses  such  as  serine 

threonine  phosphatases,  the  Ca2+-dependent  phosphatase  calcineurin,  and  PTP  (White  et  al.,  1991; 

<  .  •' 

Renstrom  et  al.,  1996;  Florio  et  al,  1994;  Buscail  et  al.,  1995;  Reardon  et  al.,  1996;  Florio  et  al., 
1996) .  These  actions  are  dependent  on  stimulation  of  pertussis  toxin-sensitive  G  proteins  but  the 
specific  G  proteins  involved  and  whether  they  couple  SSTRs  directly  or  indirectly  to  phosphatases 
is  unknown.  SSTRs  in  colon  carcinoma  cells  are  coupled  to  a  Na+/H+  exchanger  via  a  pertussis  toxin 
insensitive  mechanism  (Barber  et  al.,  1989).  Other  signalling  pathways  for  endogenous  SSTRs  that 
are  somewhat  less  well  characterized  include  phospholipase  A2  -dependent  stimulation  of 
arachidonate  production  in  hippocampal  neurons  and  phospholipase  C-mediated  stimulation  of  rP3 
formation  in  intestinal  smooth  muscle  cells  (Schweitzer  et  al.,  1990;  Murthy  et  al.,  1996). 

A  key  issue  concerning  the  signalling  specificity  of  a  family  of  receptor  isotypes  such  as  the 
SSTRs  is  whether  a  given  subtype  activates  only  one  or  several  G  protein  linked  effector  pathways. 
Several  laboratories  have  begun  to  address  this  question  using  SSTR  subtypes  individually  expressed 
in  various  host  cells.  A  putative  BBxB  (where  B  is  a  basic  residue)  consensus  sequence  for  G  protein 
coupling  exists  in  the  third  cytoplasmic  loop  of  SSTR2,3,4,5  but  not  SSTR1 .  SSTR2A  purified  from 
GH4C!  cells  or  expressed  in  CHO  cells  is  capable  of  associating  with  G  ial ,  G  ia2 ,  G  ia3  and  G  ao2 
(Luthin  et  al.,  1993;  Gu  and  Schonbrunn,  1997) .  SSTR3  couples  to  both  G  ial  and  Gia3  (Law  et  al., 
1994).  The  specific  G  proteins  which  associate  with  the  other  SSTR  subtypes  have  not  been 
determined.  Although  there  were  conflicting  data  from  different  laboratories  initially,  there  is  now 
general  agreement  that  all  five  SSTR  subtypes  and  especially  the  human  isoforms  are  functionally 
coupled  to  inhibition  of  the  adenylyl  cyclase-cAMP  pathway  via  pertussis  toxin  sensitive  G  proteins 
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(Patel  et  al.,  1994)  (Table  1).  Four  of  the  subtypes  (SSTR1,2,3,4)  also  stimulate  PTP,  once  again 
through  pertussis  toxin  sensitive  pathways  (Florio  et  al.,  1994;  Buscail  et  al.,  1995;  Reardon  et  al., 
1996;  Florio  et  al.,  1996).  However,  the  nature  of  the  G  proteins  involved  and  whether  they  couple 
the  receptor  directly  or  indirectly  to  PTP  remain  unclear.  SSTR1  stimulates  a  Na+/H+  exchanger  via 
a  pertussis  toxin  insensitive  mechanism  (Hou  et  al.,  1994).  SSTR2  does  not  activate  the  antiporter 
and  coupling  of  SSTR3,4,5  to  this  pathway  remains  to  be  investigated.  In  Rin  m5F  cells  and  in  rat 
amygdaloid  neurons  SSTRs  with  the  pharmacological  profile  of  the  type  2  isoform  inhibit  voltage- 
dependent  Ca2+  channels  (Fujii  et  al.,  1994;  Viana  and  Hille,  1996).  SSTR4  activates  PLA-2 
dependent  arachidonate  production  via  a  pertussis  toxin  sensitive  G  protein  in  transfected  CHO-K1 
cells  (Bito  et  al.,  1994).  Three  of  the  SSTR  subtypes  inhibit  the  MAPK  signalling  cascade  :  SSTR2 
in  SY-5Y  neuroblastoma  cells',  SSTR3  inNIH3T3  cells  and  in  mouse  insulinoma  cells,  and  SSTR5in 
transfected  CHO-K1  cells  (Cattaneo  et  al.,  1996;  Yoshitomi  et  al.,  1997;  Cordelier  et  al.,  1997).  In 
contrast,  SSTR4  has  been  reported  to  stimulate  MAPK  in  transfected  CHO-K1  cells  (Bito  et  al., 
1994).  Despite  earlier  claims  for  a  lack  of  effect  of  SSTRs  on  PLC-IPj  signalling,  several  recent 
reports  have  described  SSTR  modulation  of  this  pathway.  For  instance,  the  endogenous  SSTR  in 
intestinal  smooth  muscle  cells  which  displays  the  pharmacological  properties  of  SSTR3  signals 
through  activation  of  PLCP3  and  Ca2+  mobilization,  and  SSTR2A  and  SSTR5  both  stimulate  PLC- 
dependent  IP3  production  in  transfected  COS-7  and  F4C1  pituitary  cells  (Akbar  et  al.,  1994;  Murthy 
et  al.,  1996).  SSTR5  has  also  been  reported  to  inhibit  IP3-mediated  Ca2+  mobilization  in  transfected 
CHO-K1  cells  whereas  SSTR4  is  without  effect  (Bito  et  al.,  1994).  These  results  clearly  suggest  that 
individual  SSTR  subtypes  can  activate  more  than  one  G  protein  and  G  protein-linked  signalling 
cascades.  Since  all  five  SSTRs  bind  the  natural  ligands  SST-14  and  SST-28  with  nanomolar  affinity, 
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and  share  common  signalling  pathways  such  as  adenylyl  cyclase,  and  since  single  cells  express  more 
than  one  SSTR  subtype,  the  question  arises  whether  multiple  SSTRs  in  the  same  cell  are  redundant 
or  whether  they  interact  functionally  for  greater  signalling  diversity.  There  is  some  evidence  to 
suggest  that  SSTRs,  like  several  other  GPCRs,  are  capable  of  functional  interaction  as  homo-  and 
heterodimers  (Rocheville  et  al,  1998).  Major  voids  still  remain  in  our  understanding  of  SSTR 
subtype  selectivity  for  K+  and  Ca2+  channel  coupling  and  of  the  molecular  signals  in  the  receptors 
responsible  for  activation  of  the  various  phosphatases  and  the  MAPK  pathway.  Much  of  our  current 
knowledge  on  subtype  selectivity  for  signalling  is  based  on  transfected  cells  and  should  be  interpreted 
with  caution  given  the  limitations  of  these  systems.  The  future  development  of  highly  selective 
agonists  and  antagonists  for  each  of  the  subtypes  should  greatly  facilitate  the  study  of  subtype 
selective  effector  coupling  of  endogenous  SSTRs  in  normal  cells. 

SSTR  Mediated  Inhibition  of  Secretion  and  Cell  Proliferation 

The  profound  ability  of  SST  to  inhibit  cell  secretion  so  widely  can  be  explained  in  part  through 
SSTR-induced  reductions  in  the  two  key  intracellular  mediators  cAMP  and  Ca2+  due  to  effects  on 
adenylyl  cyclase  and  K+  and  Ca2+  ion  channels  (INSERT  FIGURE  4A  ABOUT  HERE).  In  addition 
to  this  so-called  proximal  effect,  however,  SST  can  block  secretion  stimulated  by  cAMP,  Ca2+ 
ionophores  (A23 187,  ionomycin),  the  Ca2+  channel  agonist  BAYK8644,  or  by  IP3,  diacylglycerol  and 
extracellular  Ca2+  in  permeabilized  cells  (reviewed  in  Patel,  1992;  Patel  et  al.,  1995).  These 
observations  clearly  indicate  that  SST,  independent  of  any  effects  on  cAMP,  Ca2+  or  indeed  any  other 
known  second  messenger  is  able  to  inhibit  secretion  via  this  distal  action.  This  effect  appears  to  be 
mediated  via  a  G  protein-dependent  inhibition  of  exocytosis  and  is  induced  through  SST-dependent 
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activation  of  the  protein  phosphatase  calcineurin  (Renstrom  et  al.,  1996).  A  similar  distal  effect  on 
the  secretory  process  has  been  shown  for  other  inhibitory  receptors,  e.g.  a-adrenergic  and  galanin 
receptors  and  suggests  that  phosphorylation-dephosphorylation  events  rather  than  the  Ca2+  signal  play 
a  key  role  in  the  distal  steps  of  exocytosis.  The  specific  SSTR  subtypes  involved  in  this  process  as 
well  as  the  signalling  mechanisms  leading  to  calcineurin  activation  remain  to  be  determined.  In 
addition  to  its  effect  on  exocytotic  secretion,  SST  is  also  capable  of  inhibiting  the  release  of 
constitutively  secreted  proteins  such  as  growth  factors  and  cytokines  by  unknown  mechanisms. 

The  ability  of  SST  to  block  hormone  secretion  led  to  the  application  of  long  acting  analogs 
such  as  Octreotide  in  the  early  1980's  for  the  treatment  of  hormone  hypersecretion  from  pancreatic, 
intestinal,  and  pituitary  tumors.  A  number  of  subsequent  developments  followed  which  suggested 
that  SST  not  only  inhibited  hormone  hypersecretion  from  these  tumors  but  also  caused  their  shrinkage 
through  an  additional  antiproliferative  effect.  The  antiproliferative  effects  of  SST  have  since  been 
demonstrated  experimentally  both  in  vivo  in  DMBA-induced  or  transplanted  rat  mammary 
carcinomas,  as  well  as  in  cultured  cells  derived  from  both  endocrine  and  nonendocrine  tumors 
(pituitary,  thyroid,  breast,  prostate,  colon,  pancreas,  lung,  and  brain)  (Weckbecker  et  al.,  1993; 
Weckbecker  et  al.,  1994).  These  effects  involve  cytostatic  (growth  arrest)  and  cytotoxic  (apoptosis) 
actions  and  are  mediated  (i)  directly  by  SSTRs  present  on  tumor  cells,  and  (ii)  indirectly  via  SSTRs 
present  on  nontumor  cell  targets  to  inhibit  the  secretion  of  hormones  and  growth  factors  which 
promote  tumor  growth,  inhibit  angiogenesis,  promote  vasoconstriction,  and  modulate  immune  cell 
function.  Several  SSTR  subtypes  and  signal  transduction  pathways  have  been  implicated  (INSERT 
FIGURE  4B  ABOUT  HERE).  Each  of  the  three  key  second  messenger  systems  cAMP,  Ca2+,  and 
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PTP  modulated  by  SSTR s,  could  be  involved  (Weckbecker  et  al.,  1993,  Patel,  1997).  Most  interest 
is  focused  on  protein  phosphatases  which  dephosphorylate  receptor  tyrosine  kinases  or  which 
inactivate  the  MAPK  signalling  cascade  thereby  attenuating  mitogenic  signal  transduction.  A  SST- 
sensitive  PTP  capable  of  dephosphorylating  and  inactivating  the  EGF  receptor  kinase  in  Mia  PaCa 
human  pancreatic  cancer  cells  was  first  described  by  Liebow  et  al  (Liebow  et  al.,  1989).  This 
observation  was  confirmed  in  normal  pancreatic  acinar  cells,  in  AR42J  rat  pancreatic  tumor  cells, 
GH4C!  cells,  and  MCF7  human  breast  cancer  cells  (Viguerie  et  al,  1989;  Florio  et  al,  1994;  Srikant 
and  Shen,  1996).  Several  other  GPCRs  have  since  been  shown  to  regulate  cell  proliferation  through 
modulation  of  PTP,  e.g.  dopamine  2,  angiotensin  II,  and  a.2  adrenergic  receptors.  The  dose-response 
for  PTP  activation  parallels  the  concentration  of  SST  ligand  required  for  receptor  activation.  A  66 
kDaPTP  identified  as  SHP-1  (SHP/SHPTP-1,  PTP-1C/HCP)  copurifies  with  membrane  SSTRs  from 
AR42J  pancreatic  cells  which  are  enriched  in  SSTR2  (Zeggari  et  al.,  1994).  SHP-1  is  a  cytosolic  PTP 
containing  two  Src  homolog  2  (SH2)  domains  which  associates  in  vivo  with  activated  receptor 
tyrosine  kinases,  cytokine  receptors,  and  various  antigen  receptors,  and  may  play  a  role  in  terminating 
growth  factor  mitogenic  signals  by  dephosphorylating  critical  molecules  (Imboden  et  al.,  1995).  It 
has  been  suggested  that  SHP-1  associates  with  SSTR2,  based  on  its  copurification  with  this  subtype 
in  AR42J  cells  and  constitutive  association  of  SSTR2  and  SHP-1  coexpressed  in  CHO-K1  cells 
(Buscail  et  al.,  1995;  Zeggari  et  al.,  1994).  Receptor  activation  results  in  a  rapid  dissociation  of 
SHP-1  from  SSTR2,  accompanied  by  an  increase  in  PTP  activity.  Contrary  findings  in  MCF7  cells, 
however,  suggest  that  SSTR  activation  promotes  translocation  of  cytosolic  PTP  to  the  membrane, 
with  little  direct  stimulation  of  PTP  by  SST  ligands  in  membrane  preparations  (Srikant  and  Shen, 
1996).  Besides  SSTR2,  three  other  subtypes  SSTR1,  3,  and  4  have  also  been  shown  to  stimulate 
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PTP  activity  in  various  transfected  cells  (Florio  et  al.,  1994;  Reardon  et  al.,  1996;  Florio  et  al,  1996). 
Whilst  there  is  ample  evidence  now  for  a  key  role  of  SHP-1  as  the  initial  transducer  of  the 
antimitogenic  signal  transmitted  by  SSTR2,  it  remains  to  be  determined  whether  SHP-1  or  another 
PTP  mediates  the  antiproliferative  effects  of  SSTR1,3,  and  4. 


Several  of  the  SSTRs  have  been  reported  to  modulate  MAPK  activity  (Reardon  et  al.,  1996; 
Bito  et  al.,  1994;  Cattaneo  et  al.,  1996;  Yoshitomi  et  al.,  1997;  Cordelier  et  al.,  1997).  Acting 
through  SSTR3,  SST  inhibits  MAPK  activity  via  PTP-dependent  inactivation  of  Raf-1  in  transfected 
NIH3T3  cells  (Reardon  et  al.,  1996).  In  MIN-6  mouse  insulinoma  cells,  SSTR3  exerts  a  dual  effect 
on  MAPK  activity  characterized  by  a  transient  increase  followed  by  a  decrease  (Yoshitomi  et  al., 
1997).  Acting  through  a  putative  SSTR2  in  SY-5Y  neuroblastoma  cells,  SST  inhibits  MAPK  activity 
and  cell  proliferation  induced  by  receptor  tyrosine  kinases  (Cattaneo  et  al.,  1996).  This  effect  is 
blocked  by  orthovanadate  suggesting  dephosphorylation-dependent  inactivation  of  MAPK  through 
SST  activation  of  PTP.  SSTR5,  the  only  subtype  which  does  not  induce  PTP,  inhibits  MAPK  activity 
through  inhibition  of  guanylate  cyclase  and  cGMP  formation  (Cordelier  et  al.,  1997). 

The  ability  of  SST  to  induce  apoptosis  has  been  shown  in  AtT-20  cells  treated  with  octreotide 
(Srikant,  1995).  Apoptosis  occurred  in  a  dose-dependent  manner  over  the  concentration  range  10'10 
to  10'5  M  in  cells  progressing  through  cell  cycle  division  but  not  under  cell  cycle  block.  In  MCF7 
cells,  octreotide  induces  marked  apoptosis  which,  can  be  blocked  by  orthovanadate  implicating  PTP 
activation  as  a  necessary  step  in  SSTR-mediated  apoptotic  signalling  (Sharma  and  Srikant,  1998). 
Since  AtT-20  and  MCF7  cells  both  express  more  than  one  octreotide  sensitive  SSTR  subtype,  it  is 
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not  possible  to  determine  subtype  selectivity  for  signalling  apoptosis  in  these  cells.  In  CHO-K1  cells 
individually  expressing  the  five  recombinant  hSSTRs,  apoptosis  is  triggered  uniquely  via  the  hSSTR3 
subtype  (Sharma  et  al.,  1996).  hSSTR3  promoted  apoptosis  is  associated  with  activation  of  wild  type 
(wt)  tumor  suppressor  protein  p53  and  the  proapoptotic  protein  Bax.  wt  p53  is  believed  to  be  in  an 
inactive  phosphorylated  form  and  is  activated  by  dephosphorylation  of  serine  residues.  Induction  of 
wt  p53  by  hSSTR3  activation  occurs  rapidly  in  a  time-dependent  manner  and  precedes  the  activation 
of  Bax  and  the  onset  of  apoptosis.  Furthermore,  p53  exhibits  perinuclear  localization  in  untreated 
cells  but  displays  preferential  intranuclear  accumulation  concomitant  with  nuclear  shrinkage,  a 
characteristic  feature  of  cells  undergoing  apoptosis.  hSSTR3-induced  apoptosis  can  be  blocked  by 
pretreatment  with  pertussis  toxin  or  orthovanadate  suggesting  the  mediation  of  pertussis  toxin 
sensitive  G  proteins  and  PTP.  hSSTR3  initiated  increase  in  p53  occurs  in  all  phases  of  the  cell  cycle 
and  does  not  require  Gj  cell  cycle  arrest  as  suggested  by  the  lack  of  induction  of  the  cyclin-dependent 
kinase  inhibitor  p21  which  typifies  cells  undergoing  Gx  arrest.  More  recently,  hSSTR3  induced 
apoptotic  signalling  has  been  shown  to  involve  the  activation  of  a  cation  insensitive  acidic 
endonuclease  concomitant  with  intracellular  acidification  (Sharma  and  Srikant,  1998).  In  contrast 
to  hSSTR3,  the  other  subtypes  initiate  G{  arrest  in  a  p53  independent  manner  (hSSTR5  >  hSSTR2 
>  hSSTR4  >  hSSTRl)  via  the  retinoblastoma  protein  PRB  (Sharma  et  al.,  1997). 


REGULATION  OF  SSTRs 

Agonist-Dependent  Regulation 

Although  the  acute  administration  of  SST  produces  a  diverse  range  of  biological  effects,  the 
initial  response  diminishes  with  continued  exposure  to  the  peptide  as  a  result  of  receptor 
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desensitization  (Patel  et  al.,  1995;  Reisine  and  Bell,  1995;  Patel,  1997).  Agonist-induced 
desensitization  is  common  to  many  GPCRs  and  is  associated  with  receptor  phosphorylation, 
uncoupling  of  the  receptor  from  G  proteins,  receptor  internalization,  and  receptor  downregulation 
due  to  lysosomal  degradation.  The  cytoplasmic  C-tail  contains  sites  of  phosphorylation  on  serine  and 
threonine  residues,  as  well  as  tyrosine  and  dyleucine  internalization  signals  and  is  critically  important 
in  these  processes.  Agonist-induced  uncoupling  of  SSTRs  from  G  proteins  has  been  shown  in  AtT-20 
cells  (Reisine  and  Bell,  1995).  Agonist-dependent  internalization  of  SSTRs  has  been  demonstrated 
in  rat  anterior  pituitary  cells,  in  rat  islet  cells,  and  in  AtT-20  mouse  and  human  pituitary  tumor  cells 
(Morel  et  al.,  1985;  Amherdt  et  al.,  1989;  Hofland  et  al.,  1995).  Prolonged  agonist  exposure  for  24- 
48  h  has  been  shown  to  upregulate  SSTRs  in  GH^  and  Rin  m5f  cells  (Presky  and  Schonbrunn, 
1988).  Since  normal  pituitary  and  islet  cells  or  their  tumor  cell  derivatives  express  multiple  SSTR 
subtypes,  it  has  been  necessary  to  study  host  cells  stably  transfected  with  each  SSTR  subtype  in  order 
to  characterize  the  response  of  individual  receptor  isotypes.  hSSTR2,3,4,5  undergo  rapid 
internalization  in  a  time-  and  temperature-dependent  manner  over  60  min  in  CHO-K1  cells  upon 
agonist  activation  (Hukovic  et  al.,  1996).  Maximum  internalization  occurs  with  SSTR3  (78%) 
followed  by  SSTR5  (66%),  SSTR4  (29%),  and  SSTR2  (20%).  In  contrast,  hSSTRl  fails  to  be 
internalized.  Similar  results  have  been  reported  for  hSSTRl  and  mouse  SSTR2  in  transfected  COS-7 
cells  or  rat  SSTR2  in  transfected  GH^  cells  (Nouel  et  al.,  1997).  A  different  pattern  of 
internalization  has  been  described  for  the  five  rat  SSTR  subtypes  in  human  embryonic  kidney  (HEK) 
cells  in  which  SSTR1-3  are  rapidly  internalized  in  the  presence  of  SST-14  or  SST-28  whereas  SSTR5 
is  internalized  only  in  the  presence  of  SST-28  and  SSTR4  is  not  internalized  by  either  natural  SST 
ligand  (Roth  et  al.,  1997).  The  reason  for  this  discrepancy  is  unclear  but  may  be  due  in  part  to 
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structural  differences  between  the  rodent  and  human  SST  isoforms  as  well  as  the  cell  lines  used  for 
transfecting  the  SSTRs.  Desensitization  and  internalization  of  rat  SSTR2A  and  SSTR3  receptors  as 
well  as  the  human  SSTR5  receptor  is  associated  with  phosphorylation  of  cytoplasmic  residues 
especially  in  the  carboxyl  terminus  (Hipkin  et  al,  1997;  Roth  et  al.,  1997).  Prolonged  exposure  of 
SSTRs  to  agonist  for  22  h  upregulates  hSSTRl  levels  at  the  membrane  by  110%,  hSSTR2  and 
hSSTR4  by  26%  and  22%  respectively,  whereas  hSSTR3  and  5  show  no  change  (Hukovic  et  al., 
1996).  Upregulation  of  SSTRs  by  longterm  agonist  treatment  was  described  ten  years  ago  in 
pituitary  and  islet  tumor  cells  and  is  now  being  increasingly  recognized  for  a  number  of  other  GPCRs, 
e.g.  GnRH,  dopamine  2,  5HT,  and  p3-adrenergic  receptor.  In  the  case  of  SSTR1  and  dopamine  2 
receptors,  upregulation  does  not  require  new  protein  synthesis  and  involves  the  surface  recruitment 
of  pre-existing  pools  of  receptors  (Ng  et  al.,  1997;  Hukovic  et  al.,  1998).  Deletion  of  the  cytoplasmic 
C-tail  of  hSSTRl  abolishes  upregulaation  and  chimeric  substitution  of  the  C-tail  of  hSSTR5  with  that 
of  hSSTRl  confers  the  property  of  upregulation  indicating  the  presence  of  molecular  signals  in  the 
C-tail  of  hSSTRl  which  specify  upregulation  (Hukovic  et  al.,  1998). 

Regulation  of  sstr  gene  expression 

SSTR  genes  are  developmental^  regulated  in  a  time-  and  tissue-specific  manner  and  are 
influenced  by  a  variety  of  hormones  and  disease  states  in  the  adult.  Starvation  or  insulin-deficiency 
diabetes  is  associated  with  decreased  mRNA  levels  for  SSTR1-3  in  the  pituitary  and  of  SSTR5  in  the 
hypothalamus  (Bruno  et  al.,  1994).  The  underlying  mechanisms  remain  to  be  elucidated.  Steady  state 
SSTR  mRNA  levels  are  augmented  in  response  to  treatment  with  cAMP,  gastrin  or  EGF,  and  SST 
itself  (Patel  et  al.,  1993;  Vidal  et  al.,  1994;  Bruno  et  al.,  1994).  Glucocorticoids  regulate  SSTR  gene 
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transcription  in  a  time-dependent  biphasic  manner  in  GHA  cells  (Xu  et  al.,  1995).  Short  term 
exposure  to  glucocorticoids  induces  SSTR1  and  SSTR2  mRNA,  more  prolonged  treatment  inhibits 
transcription  of  both  genes.  Estrogen  induces  SST  binding  sites  in  cultured  rat  pituitary  cells  and 
upregulates  mRNA  expression  of  SSTR2  and  SSTR3  in  rat  prolactinomas  and  of  SSTR2  mRNA  in 
MCF7  breast  cancer  cells  (Xu  et  al.,  1996;  Yisser-Wisselaar  et  al.,  1997).  Thyroid  hormone  induces 
mRNA  for  SSTR1  and  SSTR5  in  mouse  thyrotrophe  tumor  cells  (James  et  al.,  1997).  To  gain  a 
better  understanding  of  extracellular  and  tissue-specific  factors  regulating  SSTR  genes,  a  number  of 
laboratories  have  begun  to  analyse  promoter  sequences.  rSSTRl,  hSSTR2,  rSSTR4,  and  hSSTR5 
and  mSSTR5  feature  TATA-less,  G+C-rich  promoters  typical  of  tissue-specific  housekeeping 
promoters  (Greenwood  et  al.,  1994;  Hauser  et  al.,  1994;  Greenwood  et  al.,  1995;  Xu  et  al.,  1995; 
Pscherer  et  al.,  1996).  In  the  case  of  hSSTR2,  a  novel  initiator  element  SSTR2  inr  located  close  to 
the  mRNA  initiation  site  confers  gene  expression  in  the  absence  of  the  TATA  box  by  binding  a  helix 
loop  helix  transcription  factor  SEF-2  which  interacts  with  the  basal  transcription  machinery  (Pscherer 
et  al.,  1996).  The  four  SSTR  promoters  that  have  been  characterized  contain  consensus  sequences 
for  a  number  of  common  transcription  factors.  rSSTRl  gene  shows  AP2  and  Pitl  binding  sites  as 
well  as  the  consensus  TRE  between  -97  and  -81  bp  downstream  from  Pitl.  hSSTR2  and  rSSTRl 
display  multiple  API  and  AP2  sites  which  may  confer  cAMP  responsiveness.  The  hSSTR5  promoter 
is  also  cAMP-inducible  and  additionally  contains  an  Alu  repeat  sequence  1 .2  Kb  upstream  of  the  ATG 
which  is  a  site  of  DNA  polymorphism.  The  functional  significance  of  such  polymorphism  both  with 
respect  to  the  normal  pattern  of  SSTR5  expression  as  well  as  disease  susceptibility  remain  to  be 
determined.  A  SSTR2-deficient  knockout  mouse  has  been  recently  generated  in  which  SSTR2 
receptors  in  arcuate  GHRH  neurons  were  found  to  be  solely  responsible  for  mediating  GH-induced 
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feedback  inhibition  of  GH  (Zheng  et  al.,  1997).  Nonetheless,  the  animals  appeared  healthy  and  grew 
normally  up  to  15  months  of  age  excluding  an  essential  role  for  SSTR2  in  embryogenesis  or  post¬ 
natal  growth  and  development  (Zheng  et  al.,  1997).  Additional  gene  knockouts  of  the  remaining  four 
SSTR  subtypes  are  required  to  shed  further  light  on  subtype  selective  biological  responses,  if  any, 
attributable  to  the  individual  members  of  the  receptor  family. 
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FIGURE  LEGENDS 

FIGURE  1.  Schematic  depiction  of  the  rat  SST  gene  and  its  regulatory  domains.  The  messenger 
RNA  coding  region  consists  of  two  exons  of  238  and  367  base  pairs  (bp)  separated  by  an  intron  of 
621  bp.  Located  upstream  (i.e.  5'  end)  from  the  start  site  of  mRNA  transcription  (arrow)  are  the 
regulatory  elements  TATA  (-26  bp),  cAMP  response  element,  CRE  (-48/-41  bp),  atypical 
glucocorticoid  response  element  a  GRE  (-250/-71  bp)  and  a  somatostatin  promoter  silencer  element, 
SMS-PS  (-260/- 189  bp).  Tissue  specific  elements  (TSE)  consisting  of  TAAT  motifs  that  operate  in 
concert  with  CRE  to  provide  high  level  constitutive  activity  are  located  within  the  TSE  1  (-104/-86 
bp)  and  TSE  II  (-303/-286  bp)  regions. 

FIGURE  2.  Schematic  depiction  of  the  structural  domains  of  the  6  putative  hSSTR  proteins 
showing  the  7  TM  topology,  the  extracellular  and  intracellular  loops  and  the  amino-  and  carboxy 
terminal  (C-tail)  segments.  CHO-potential  sites  for  N-linked  glycosylation  within  the  amino  terminal 
segment  and  second  ECL;  P04  -  putative  sites  for  phosphorylation  by  protein  kinase  A,  protein  kinase 
C,  and  casein  kinase.  The  cysteine  residue  12  amino  acids  downstream  from  the  VTIth  TM  is 
conserved  in  SST  1,2, 4, 5  and  may  be  the  site  of  a  potential  palmitoyl  membrane  anchor.  The 
YANSCAN  PI/VLY  sequence  in  the  Vllth  TM  is  highly  conserved  in  all  members  of  the  sst  family. 
Residues  Asp122 ,  Asrf76  ,  and  Phi?4  in  TMs  III,  VI,  and  VII  respectively  of  SST2A  have  been 
proposed  to  form  part  of  a  ligand  binding  pocket  for  Octreotide  and  are  shown  by  the  closed  circles. 

FIGURE  3.  Natural  and  synthetic  peptide  agonists  of  the  SST  receptor  family. 
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FIGURE  4.  Schematic  depiction  of  SSTR  signalling  pathway  leading  to  inhibition  of  secretion 
(4A)  and  cell  proliferation  and  induction  of  apoptosis  (4B).  Receptor  activation  leads  to  a  fall  in 
intracellular  cAMP  (due  to  inhibition  of  adenylyl  cyclase),  a  fall  in  Ca2+  influx  (due  to  activation  of 
K+  and  Ca+  ion  channels)  and  stimulation  of  phosphatases  such  as  calcineurin  (which  inhibits 
exocytosis),  and  serine  threonine  phosphatases  (which  dephosphorylate  and  activate  Ca2+  and  JC 
r.hannfil  proteins).  Blockade  of  secretion  by  SST  is  in  part  mediated  through  inhibition  of  Ca2+  and 
cAMP  (proximal  effect)  and  through  a  more  potent  distal  effect  involving  direct  inhibition  of 
exocytosis  via  SST-dependent  activation  of  calcineurin.  Induction  of  protein  tyrosine  phosphatase 
by  SST  plays  a  key  role  in  mediating  the  antiproliferative  response  by  dephosphorylating  growth 
factor  receptor  kinases  and  other  putative  substances  such  as  p53,  Raf-1  and  3VLAPK  implicated  in 
regulating  cell  proliferation  and  apoptosis. 
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TABLE  1. 

CHARACTERISTICS  OF  THE  CLONED  SUBTYPES  OF  HUMAN  SOMATOSTATIN 

RECEPTORS+ 


SSTR1 

SSTR2A 

SSTR3 

SSTR4 

SSTR5 

Chromosomal  localization 

14ql3 

17q24 

22ql3.1 

20pll.2 

16pl3.3 

Molecular  size  (kDa) 

53-72 

71-95 

65-85 

45 

52-66 

Amino  acids 

391 

369 

418 

388 

363 

mRNA  (kb) 

4.8 

8.5  (?) 

5.0 

4.0 

4.0 

G  protein  coupling 

+ 

+ 

+ 

+ 

+ 

Effector  coupling 

adenylyl  cyclase  activity 

i 

1 

i 

i 

l 

tyrosine  phosphatase  activity 

T 

t 

t 

T 

Ca2+  channels 

1 

Na+/H+  exchanger 

T 

Phospholipase  C/EP3  activity 

T 

TT 

Phospholipase  A2  activity 

T 

MAP  kinase  activity 

1 

IT 

T 

i 

Tissue  distribution** 

brain,  pituitary, 
islet,  stomach 
liver,  kidneys 

brain,  pituitary 
islet,  stomach 
kidneys 

brain,  pituitary 
islet,  stomach 

brain,  stomach 
islet,  lungs 
placenta 

brain,  pituitary 
islet,  stomach 

+  Modified  from  Patel  1997,  Patel  and  Srikant  1998  and  Reisine  and  Bell  1995. 

**  Based  on  Lamberts  et  al  1996  and  Patel  1997.  Not  all  tissues  have  been  tested  simultaneously. 
IP3,  inositol,  triphosphate,  MAP  kinase,  mitogen  activated  protein  kinase. 
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TABLE  2. 


LIGAND  SELECTIVITY  OF  CLONED  HUMAN  SOMATOSTATIN  RECEPTORS1 


SSTR1 

SSTR2A 

ICS0(nM)* 

SSTR3 

SSTR4 

SSTR5 

SRIF-14 

0.1-2.26 

0.2-1.3 

0.3-1.6 

0.3-1. 8 

0.2-0.9 

SRIF-28 

0. 1-2.2 

0.2-4. 1 

0.3-6. 1 

0.3-7.9 

0.05-0.4 

Octreotide 

290-1140 

0.4-2. 1 

4.4-34.5 

>1000 

5.6-32 

Lanreotide 

500-2330 

0.5-1. 8 

43-107 

66-2100 

0.6-14 

Vapreotide 

>1000 

5.4 

31 

45 

0.7 

Seglitide 

>1000 

0. 1-1.5 

27-36 

127->1000 

2-23 

BIM  23052 

6.3-100 

10-13.5 

2.1-5. 6 

16-141 

1. 2-7.3 

BIM  23056 

110->1000 

132->1000 

10.8-177 

17-234 

*5.7-14.1 

BIM  23268 

18.4 

15.1 

61.6 

16.3 

0.37 

L  362855 

>1000 

1 

6.2 

63 ->1000 

0.1-0.016 

CH  275** 

3. 2-4.3 

>1000 

>1000 

4.3-874 

>1000 

t  Based  on  Patel  and  Srikant  1998,  Reisine  and  Bell  1995,  Bruns  et  al  1996,  Shimon  et  al  1997. 
*  Data  of  Patel  and  Srikant  (1994)  expressed  as  Ki 
**From  Liapakis  et  al  (1996)  and  Patel  1997. 
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Natural  and  synthetic  peptide  agonists  of 
the  sst  receptor  family 


SST-28  Ser-Ala-Asn-Ser-Asn-Pro-Aia-Mef-Aia-Pro-Arc 
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Ligand  activated  somatostatin  receptors  (SSTR)  initiate  cytotoxic  or  cytostatic  anti¬ 
proliferative  signals.  We  have  previously  shown  that  cytotoxicity  leading  to  apoptosis  was 
signaled  solely  via  human  (h)  SSTR  subtype  3  whereas  the  other  four  hSSTR  subtypes  ini¬ 
tiated  a  cytostatic  response  that  led  to  growth  inhibition.  In  the  present  study  we  character¬ 
ized  the  antiproliferative  signaling  mediated  by  hSSTR  subtypes  1,2,4  and  5  in  CHO-K1 
cells.  We  report  here  that  cytostatic  signaling  via  these  subtypes  results  in  induction  of  the 
retinoblastoma  protein  Rb  and  Gj  cell  cycle  arrest.  Immunoblot  analysis  revealed  an  in¬ 
crease  in  hypophosphorylated  form  of  Rb  in  agonist  treated  cells.  The  relative  efficacy  of 
these  receptors  to  initiate  cytostatic  signaling  was  hSSTR5>hSSTR2>hSSTR4~hSSTRl.  A 
Cytostatic  signaling  via  hSSTR5  also  induced  a  marginal  increase  in  cyclin-dependent 
kinase  inhibitor  p21.  hSSTR5  initiated  cytostatic  signaling  was  G  protein-dependent  and 
protein  tyrosine  phosphatase  (PTP)  mediated.  OCT  treatment  induced  a  translocation  of 
cytosolic  PTP  to  the  membrane  whereas  it  did  not  stimulate  PTP  activity  when  added  di¬ 
rectly  to  the  cell  membranes.  C-tail  truncation  mutants  of  hSSTR5  displayed  progressive 
loss  of  antiproliferative  signaling  proportional  to  the  length  of  deletion  as  reflected  by  the 
marked  decrease  in  the  effects  of  OCT  on  membrane  translocation  of  cytosolic  PTP,  and 
induction  of  Rb  and  Gj  arrest.  These  data  demonstrate  that  the  C-terminal  domain  of 
hSSTR5  is  required  for  cytostatic  signaling  which  is  PTP-dependent  and  leads  to  induction 
of  hypophosphorylated  Rb  and  Gj  arrest. 


Introduction 
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The  antiproliferative  actions  of  somatostatin  (SST)  signaled  via  cell  surface  SST  recep¬ 
tors  (SSTR)  regulate  cellular  protein  phosphorylation  and  elicit  cytostatic  (growth  arrest)  and 
cytotoxic  (apoptosis)  responses  in  tumor  cells.  For  instance,  SST  treatment  causes  apoptosis  in 
MCF-7  and  AtT-20  cells  whereas  it  induces  cell  cycle  arrest  in  GH3  cells  (1-5).  Such  discrepant 
findings  may  be  due  to  the  existence  of  five  distinct  SSTR  subtypes  and  their  differential  ex¬ 
pression  in  these  tumor  cells  (6-10).  We  have  reported  that  human  (h)  SSTR3  is  the  only  subtype 
that  is  capable  of  cytotoxic  signaling:  upon  ligand  activation,  cells  transfected  with  hSSTR3  re¬ 
spond  with  induction  of  wild  type  (wt)  tumor  suppressor  protein  p53,  the  proapoptotic  protein 
Bax  and  an  acidic  endonuclease  and  intracellular  acidification,  and  undergo  apoptosis  (11,  12). 
The  antiproliferative  action  of  SST  is  also  signaled  via  SSTRs  2,4  and  5.  However,  neither 
apoptosis  nor  changes  in  any  of  the  above  parameters  were  seen  in  cell  lines  stably  expressing 
these  subtypes  (1 1,  13).  While  SST  was  shown  to  inhibit  cell  growth  via  hSSTRs  2,4  and  5  such 
a  conclusion  was  based  on  measurement  of  thymidine  incorporation  or  cell  number  at  a  single 
time  point  during  SST  treatment  (14-17).  Thus,  the  mechanism  underlying  the  antiproliferative 
signaling  mediated  by  the  SSTR  subtypes  incapable  of  triggering  apoptosis  remained  unknown. 
Since  these  SSTR  subtypes  do  not  initiate  apoptotic  signals,  it  appeared  likely  that  they  may 
transduce  cytostatic  signals  leading  to  cell  cycle  arrest. 

Cytostatic  events  leading  to  G1  cell  cycle  arrest  are  associated  with  the  induction  of  two 
proteins  Rb  (retinoblastoma  tumor  suppressor  protein)  and  p21  (cyclin  dependent  kinase  inhibi¬ 
tor,  also  called  Waf-l/Cipl)  (18).  Rb  is  a  phosphorylated  protein:  it  remains  hyperphosphory- 
lated  (ppRb)  in  S  and  G2/M  phases  and  becomes  hypophosphorylated  (pRb)  in  G,.  pRb  nega- 
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tively  regulates  the  G/S  transition  and  promotes  accumulation  of  cells  in  the  Gi  phase  (18,  19). 
Rapid  phosphorylation  of  Rb  occurs  prior  to  entry  of  cells  into  S  phase.  While  Rb  functions  in¬ 
dependent  of  p53,  p21  mediates  p53-dependent  Gj  arrest  (18,  20).  Nevertheless,  overexpression 
of  p21  can  induce  Gj  arrest  in  the  absence  of  p53  induction  (21).  In  order  to  determine  whether 
the  antiproliferative  signaling  via  these  hSSTRs  causes  cell  cycle  arrest  and  to  identify  the  mo¬ 
lecular  mediators  involved  in  this  process,  we  evaluated  the  effect  of  SST  in  CHO-K1  cells  ex¬ 
pressing  hSSTRs  1,2,4  and  5  on  cell  cycle  progression  and  induction  of  Rb  and  p21.  We  report 
here  that  SST  induced  G,  cell  cycle  arrest  in  these  cells  is  due  mainly  to  the  induction  of  Rb. 
Maximal  effect  was  exerted  via  hSSTR5  followed  by  hSSTR  2,  4  and  1.  In  hSSTR5  expressing 
cells,  a  major  portion  of  SST-induced  Rb  was  hypophosphorylated.  SST-induced  Gj  arrest  and 
induction  of  Rb  were  pertussis  toxin  sensitive  G  protein  dependent  and  protein  tyrosine  phos¬ 
phatase  (PTP)  dependent.  In  OCT  treated  cells  there  was  a  redistribution  of  PTP  activity  from  the 
cytosol  to  the  membrane.  Mutational  analysis  of  the  C-tail  of  this  receptor  revealed  that  the  C- 
tail  of  the  receptor  is  essential  for  PTP-dependent  cytostatic  signaling. 

RESULTS 

We  first  compared  the  effect  of  100  nM  peptide  on  cell  cycle  parameters  in  CHO-K1  cells 
expressing  individual  hSSTRs.  Cells  were  incubated  for  24  h  in  the  absence  or  presence  of  100 
nM  OCT  (hSSTRs  2,3,5)  or  D-Trp8  SST-14  (hSSTRs  1,4)  prior  to  analysis  of  DNA  content  by 
flow  cytometry.  Cells  expressing  hSSTRs  1,2,4  and  5  responded  with  a  decrease  in  the  rate  of 
proliferation  as  evidenced  by  accumulation  of  cells  in  Gj  and  a  decrease  in  S  (fig.  1).  The  greatest 
cytostatic  response  was  elicited  through  hSSTR  5  followed  by  hSSTR2>  hSSTR4~  hSSTRl.  The 
effect  of  agonist  treatment  on  cell  cycle  parameters  is  shown  in  fig.2.  In  addition  to  the  changes 
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in  Gj  and  S  phases,  a  relative  increase  of  cell  number  in  G2/M  was  also  seen.  The  absence  of 
oligonucleosomal  DNA  fragmentation  even  after  treatment  for  48  h  indicated  that  SST-induced 
cell  cycle  arrest  via  hSSTR5  did  not  lead  to  apoptosis  (data  not  shown). 

Inhibition  of  cell  cycle  progression  signaled  via  hSSTR  5  was  associated  with  induction 
of  Rb.  The  increase  in  intensity  of  fluorescence  of  immunolabeled  Rb  counterstained  with  FITC 
conjugated  second  antibody  was  seen  in  all  phases  of  the  cell  cycle  following  OCT  treatment. 
Dual  label  analysis  of  fluorescence  emissions  of  PI  and  immunostained  Rb  revealed  that  the  ma¬ 
jority  of  cells  were  in  Gq/G!  phase  (fig.  3A).  Immunoblot  analysis  of  cell  extracts  revealed  that 
the  level  of  Rb  was  low  in  untreated  cells,  and  was  present  mainly  as  ppRb.  OCT-induced  in¬ 
crease  in  Rb  was  reflected  in  both  hyper-  and  hypo-phosphorylated  (ppRb  and  pRb)  forms  de¬ 
tectable  by  their  differential  electrophoretic  mobility  (fig.  3B).  A  marked  enlargement  of  the  nu¬ 
clei  in  hSSTR5  expressing  cells  was  observed  in  OCT  treated  cells  (fig.  3C),  a  typical  character¬ 
istic  of  G!  arrested  cells  (22).  OCT-induced  increase  in  Rb  was  time-dependent  and  was  detect¬ 
able  by  4  h  (2.7  ±  0.9  fold)  and  was  maximal  at  24  h  (8.1  ±  0.8  fold)  (figure  4A).  Induction  of  Rb 
preceded  the  onset  of  Gt  arrest  since  an  increase  in  G^S  ratio  which  is  an  index  of  inhibition  of 
cell  proliferation  was  detectable  only  by  8  h  (figure  4B).  The  ability  of  OCT  to  induce  Rb  during 
24  h  incubation  was  dose-dependent  and  occurred  over  the  concentration  range  10-100  nM 
(figure  5A).  Immunoblot  analysis  revealed  a  dose-dependent  increase  in  both  ppRb  and  pRb  in 
OCT-treated  cells  (fig.  5B). 

OCT  treated  hSSTR5  cells  also  displayed  an  increase  in  p21  (3  ±  0.6  fold  over  basal 
level)  and  was  of  much  smaller  magnitude  compared  to  that  of  Rb.  OCT-induced  increase  in  Rb 
and  p21  was  abolished  by  pertussis  toxin  pretreatment  (fig.  6).  Sodium  orthovanadate,  an  inhibi- 
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tor  of  PTP,  also  abrogated  the  inductive  effect  of  OCT  on  Rb  and  p21Wafl  in  these  cells.  To  con¬ 
firm  that  PTP  activity  is  involved  in  the  cytostatic  signaling  via  hSSTR5,  we  measured  PTP  ac¬ 
tivity  in  extracts  of  cells  before  and  after  incubation  with  SST.  In  OCT  treated  cells  there  was  a 
40%  increase  in  membrane-associated  PTP  while  the  cytosolic  enzyme  activity  decreased  by 
20%  (fig.  7).  By  contrast,  when  added  to  the  membrane  fractions  at  the  time  of  enzyme  assay, 
OCT  failed  to  stimulate  PTP  activity  (data  not  shown).  While  the  maximal  induction  of  Rb  was 
hSSTR5  mediated,  three  other  subtypes  were  also  found  to  initiate  cytostatic  signals  leading  Rb 
induction  (fig.  8).  The  rank  order  potency  of  these  SSTRs  for  signaling  the  increase  in  Rb  was 
hSSTR5>2>4>l,  same  as  that  observed  for  triggering  Gj  arrest  (fig.  1  and2).  By  contrast,  no  in¬ 
crease  in  Rb  occurred  in  hSSTR3  expressing  cells,  in  agreement  with  our  previously  reported 
finding  that  OCT  does  not  induce  Gj  arrest  via  this  subtype  (11,12). 

The  C-tail  of  several1  G  protein  coupled  receptors  have  been  implicated  in  G  protein  inter¬ 
action  and  effector  coupling  (23,  24).  To  evaluate  the  importance  of  the  C-tail  of  hSSTR5  in  cy¬ 
tostatic  signaling  we  investigated  the  effect  of  mutant  hSSTR5  receptors  with  progressive  trun¬ 
cation  of  the  C-tail  (fig.  9).  These  mutants  have  been  previously  reported  to  display  binding 
characteristics  and  G  protein  coupling  comparable  to  wild  type  hSSTR5  (25).  Progressive  trun¬ 
cation  of  the  C-tail  of  hSSTR5  was  associated  with  an  impaired  ability  of  OCT  to  signal  activa¬ 
tion  of  Rb  and  induce  Gt.  Compared  to  the  wild  type  receptor  which  triggered  8.1  ±  0.8  fold  in¬ 
crease  in  Rb  in  response  to  OCT,  the  A347  mutant  displayed  only  a  6.1  +  0.4  fold  increase  in  Rb 
(fig.  10).  The  A338,  A328  and  A3 18  mutants  displayed  more  marked  loss  in  the  ability  to  activate 
Rb  in  response  to  OCT  (3.0  ±  0.9  fold  for  A338,  2.1  ±  0.7  fold  for  A328  and  1.3  ±  0.2  fold  for 
A3 18).  To  determine  if  progressive  loss  of  ability  to  induce  Rb  parallels  the  decrease  in  mem- 
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brane-associated  PTP,  we  compared  PTP  activity  in  cytosolic  and  membrane  fractions  in  cells 
incubated  in  the  absence  and  presence  of  OCT.  In  contrast  to  the  >2-fold  increase  induced  by 
OCT  pretreatment  in  cells  expressing  hSSTR5  only  -25%  increase  occurred  with  the  mutant 
A347  and  no  change  was  seen  with  the  shorter  hSSTR5  mutants  (fig.  11).  Interestingly,  the  basal 
membrane-associated  PTP  activity  was  higher  in  untreated  cells  expressing  each  of  the  mutant 
receptors  compared  to  wt  hSSTR5. 

DISCUSSION 

The  present  study  establishes  that  SSTR  mediated  antiproliferative  signaling  elicits  sub- 
type  selective  cytostatic  effect  via  hSSTRs  1,2,4  and  5.  In  CHO-K1  cells  expressing  each  of 
these  four  hSSTR  subtypes,  there  was  decreased  proliferation  due,  in  part,  to  a  Gj  cell  cycle  ar¬ 
rest  associated  with  an  increase  in  Rb.  The  extent  of  Rb  induction  and  inhibition  of  cell  cycle 
progression  was  the  greatest  in  CHO-K1  cells  expressing  hSSTR5,  followed  by  hSSTR2> 
hSSTR4~hSSTRl.  A  significant  proportion  of  Rb  induced  via  hSSTR5  was  present  in  a  hypo- 
phosphorylated  form  as  evident  from  its  greater  electrophoretic  mobility.  We  show  that  OCT 
treatment  caused  nuclear  enlargement  in  hSSTR5  expressing  cells,  a  feature  that  is  characteristic 
of  cells  in  Gi  arrest  (22).  Additionally,  hSSTR5  mediated  cytostatic  signaling  did  not  lead  to 
apoptosis.  While  the  cytostatic  action  exerted  through  hSSTR5  by  OCT  was  dose-  and  time- 
dependent,  such  an  effect  occurred  with  a  relatively  slow  time  course  and  could  be  seen  only  at 
concentrations  >10  nM.  This  is  in  contrast  to  the  greater  sensitivity  of  hSSTR3  mediated  induc¬ 
tion  of  wt  p53  which  was  clearly  discernible  within  minutes  and  could  be  elicited  at  <10  nM 


concentration  of  OCT  (1 1). 
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Pretreatment  of  cells  with  PTx  abolished  the  induction  of  Rb,  p21  and  Gt  arrest,  indicat¬ 
ing  that  the  cytostatic  signaling  by  hSSTRs  1,2,4  and  5  is  G  protein  dependent.  Likewise,  our 
finding  that  orthovanadate  abolishes  the  effects  of  SST  suggests  a  mediatory  role  for  PTP  in  the 
cytostatic  signaling  initiated  via  hSSTRs  1,2  and  4  as  well.  PTP  mediated  antimitogenic  effect  of 
SST  has  previously  been  reported  to  be  signaled  through  hSSTRl,  mouse  and  human  SSTR2, 
human  and  mouse  SSTR3  and  rat  SSTR4  (11,  15,  16,  26-28).  By  contrast,  rat  SSTR5  initiated 
antiproliferative  signaling  was  found  to  be  PTP-independent  (14,  17).  The  present  findings  sug¬ 
gest  that  the  antiproliferative  signaling  via  hSSTR  5  leading  to  growth  inhibition  is  also  PTP  de¬ 
pendent  and  contradicts  the  reported  inability  of  the  rat  homologue  of  SSTR5  to  regulate  PTP 
(14).  Such  a  difference  between  the  rat  and  human  SSTR5  receptors  is  surprising  given  the  high 
degree  of  C-terminal  sequence  identity  between  the  two  receptors.  It  remains  to  be  seen  whether 
structural  differences  in  other  regions  of  rat  and  human  SSTR5  contribute  to  their  divergent  be¬ 
havior. 

The  mechanism  involved  in  SST  induction  of  hypophosphorylated  Rb  remains  to  be  elu¬ 
cidated.  The  concomitant,  albeit  smaller,  induction  of  p21  raises  the  possibility  that  it  may  inhibit 
cyclin-dependent  kinase  mediated  phosphorylation  of  Rb  that  is  required  for  the  cells  to  exit  Gt. 
Alternatively,  SST  may  activate  phosphatase(s)  that  may  dephosphorylate  hyperphosphorylated 
Rb.  Evidence  for  the  existence  of  such  a  phosphatase  comes  from  studies  using  anticancer  drugs 
that  promote  p53-independent  Gj  arrest  in  the  absence  of  p21  induction  (29).  It  remains  to  be 
tested  whether  hSSTR5  mediated  increase  in  hypophosphorylated  Rb  is  due  to  activation  of  Rb 
phosphatase  alone  or  in  conjunction  with  p21  mediated  inhibition  of  Rb  phosphorylation.  An¬ 
other  possibility  is  that  SST  may  inhibit  Ca2+/calmodulin-mediated  hyperphosphorylation  of  Rb 
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(30,  31).  Cross-talk  between  SST-induced  PTP  and  mitogenic  signaling  pathways  involving 
MAP  kinase  may  also  contribute  to  the  regulation  of  serine  phosphorylation  in  Rb  as  well  as  cell 
cycle  progression.  It  has  been  shown  that  cell  cycle  progression  due  to  induction  of  cyclin  de¬ 
pendent  kinase  and  phosphorylation  of  Rb  can  occur  following  MAP  kinase  activation  (32).  It  is 
likely  that  inhibition  of  MAP  kinase  activity  by  SST  may  be  an  additional  factor  involved  in  its 
cytostatic  signaling.  SSTR  regulation  of  MAP  kinase  activation  is,  complex  and  involves  inhibi¬ 
tion  by  SSTR2  and  SSTR5,  stimulation  through  SSTR4  or  a  transient  increase  followed  by 
subsequent  decrease  elicited  by  (murine)  SSTR3  (33).  GPy  subunit-mediated,  activation  of  Ras  is 
implicated  in  the  induction  of  MAP  kinase  (34,  35).  On  the  other  hand,  PTP  dependent  regulation 
of  serine/threonine  phosphorylation  inactivates  Raf-1  which  functions  downstream  of  Ras  in  the 
mitogenic  signaling  cascade  (27,  36-39).  Thus,  regulation  of  MAPK  cascade  by  SST  may  occur  at 
two  levels,  activation  of  Ras  by  ffy  subunits  of  G  protein  and  tyrosine  phosphorylation-dependent 
inactivation  of  MAPK.  Thus,  it  is  plausible  that  activation  of  different  phosphoryla¬ 
tion/dephosphorylation  mechanisms  by  SST  elicited  in  a  receptor  subtype-specific  or  cell- 
specific  manner  may  exert  dual  effects  on  cell  growth  and  proliferation  (40,  41).  A  direct  corre¬ 
lation  between  subtype  selective  change(s)  in  MAP  kinase  and  cell  cycle  arrest  or  apoptosis  re¬ 
mains  to  be  established. 

Of  the  five  hSSTRs  only  hSSTR3  induces  cytotoxicity,  the  other  four  subtypes  being  cy¬ 
tostatic  (11,  13,  and  the  present  study).  We  have  previously  reported  that  the  A347,  A338,  A328 
and  A3 18  hSSTR5  mutants  show  progressive  loss  of  the  ability  to  inhibit  forskolin-stimulated 
cAMP  and  variable  impairment  of  agonist-dependent  desensitization  and  internalization  re¬ 
sponses  (25).  This  suggests  a  multifunctional  role  of  the  C-tail  of  hSSTR5  in  mediating  effector 
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coupling,  desensitization  and  internalization  (25).  Here  we  have  extended  an  analysis  of  these 
mutants  to  their  ability  to  regulate  membrane  associated  tyrosine  phosphatase  activity  and  to  de-  _ 
termine  whether  decreased  potency  to  recruit  cytosolic  PTP  to  the  membrane  may  account  for 
their  inability  to  initiate  cytostatic  signaling.  Following  OCT  treatment,  only  25%  increase  in 
PTP  activity  in  the  membrane  fraction  was  seen  in  cells  expressing  hSSTR5A347,  in  contrast  to 
the  100%  increase  detected  in  cells  expressing  the  wild  type  receptor.  Membrane-associated  PTP 
activity  did  not  increase  in  response  to  OCT  in  cells  expressing  A338,  A328  and  A3 18  mutants. 
Surprisingly,  however,  the  enzyme  activity  was  20-35%  higher  in  the  membrane  fraction  of  these 
cells  under  basal  conditions  than  in  hSSTR5  expressing  cells.  We  do  not  know  the  reason  for 
this,  but  this  observation  raises  the  intriguing  possibility  that  in  the  absence  of  ligand  activation, 
the  C-tail  of  the  wild  type  receptor  may  inhibit  the  association  of  PTP  with  the  membrane.  Such 
a  phenomenon  has  not  previously  been  described.  However,  chronic  association  of  the  tyrosine 
phosphatase  SHP-1  to  the  killer  cell  inhibitory  receptor  in  natural  killer  cells  has  been  reported  to 
tonically  inhibit  the  function  of  the  receptor  in  the  inactivated  state:  dissociation  of  SHP-1  upon 
receptor  ligation  restores  its  function  (42).  Despite  its  inability  to  recruit  cytosolic  PTP  to  the 
membrane  in  cells  expressing  these  mutants,  OCT  was  still  capable  of  inducing  Rb,  albeit  with 
progressively  less  efficiency  paralleling  the  length  of  C-tail  deletion.  While  this  raises  the  pos¬ 
sibility  that  OCT  may  be  able  to  elicit  cytostatic  signaling  through  the  PTP  already  present  at  the 
membrane,  alternate,  PTP-independent,  mechanism  may  also  contribute  to  hSSTR5-initiated  an¬ 
tiproliferative  signaling.  For  instance  hSSTR5  can  decrease  intracellular  Ca2+  thereby  inhibiting 
cell  growth  (14,  43).  While  the  nature  of  SST-induced,  Ca2+-sensitive,  growth  inhibition  was  not 
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established  in  these  studies,  it  may  invoke  hypophosphorylation  of  Rb.  Indeed,  Ca2+/calmodulin- 
dependent  Rb  hyperphosphorylation  occurs  during  cell  proliferation  (30,  31). 

In  summary,  the  present  findings  demonstrate  that  SST  peptides  exert  a  cytostatic  action 
via  SSTR  1,2, 4, 5.  Such  subtype  specific  cytostatic  signals  target  Rb  and  p21  leading  to  G]  cell 
cycle  arrest  (hSSTR5>hSSTR2>  hSSTR4~hSSTRl).  These  effects  are  pertussis  toxin  dependent 
G  protein  dependent  and  are  PTP  mediated.  The  marked  decrease  in  the  ability  of  C-tail  mutants 
of  hSSTR5  to  induce  Rb  and  Gj  cell  cycle  arrest  suggests  that  the  C-terminal  domain  of  hSSTR5 
is  involved  in  cytostatic  antiproliferative  signaling. 

MATERIALS  AND  METHODS 

Materials 

The  SST  analog  SMS  201-995  (octreotide,  OCT)  was  obtained  from  Sandoz  Pharma, 
Basel,  Switzerland.  Propidium  iodide  (PI)  was  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 
MO).  Rabbit  polyclonal  antibodies  against  p21  (C-19)  and  Rb  (C-15)  were  purchased  from  Santa 
Cruz  Biotechnology  (Santa  Cruz,  CA).  FITC  conjugated  goat  anti-mouse  and  anti-rabbit  IgG  an¬ 
tibodies  were  supplied  by  Zymed  Laboratories  (San  Francisco,  CA).  All  other  reagents  were  ob¬ 
tained  from  local  commercial  sources  and  were  of  analytical  quality. 

CHO-K1  cells  stably  expressing  hSSTRl-5  and  mutant  hSSTR5 

Genomic  fragments  of  hSSTR  2,3  and  5  or  cDNA  clones  for  hSSTR  1  and  2 A  containing 
the  entire  coding  sequences  were  subcloned  into  the  polylinker  region  of  the  mammalian  expres¬ 
sion  vector  pRc/CMV  (Invitrogen).  Mutant  hSSTR5  receptors  with  progressive  truncation  of  the 
C-tail  (A347,  A338,  A328  and  A3 18)  were  created  by  introducing  stop  codons  at  positions  347, 
338,  328  and  318  of  a  cassette  cDNA  construct  using  the  PCR  overlap  extension  technique  (25); 
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the  mutant  cDNAs  were  cloned  into  the  mammalian  expression  vector  PTEJ8  (25).  Wild  type 
hSSTRs  and  the  mutant  hSSTR5  receptors  were  stably  transfected  in  CHO-K1  cells  maintained 
under  G418  selection  (11,  44,  45).  The  expression  and  binding  characteristics  of  the  different 
hSSTRs  and  the  hSSTR5  C-tail  deletion  mutants  have  previously  been  reported  (25,  44,  45). 
Cells  were  grown  in  T75  flasks  in  Hams  F-12  medium  containing  5%  fetal  calf  serum  (Life 
Technologies)  and  400  U/ml  G-418  and  cultured  for  3-5  days  at  37°C  in  a  humidified  atmosphere 
with  5%  C02.  When  the  cells  had  reached  60-70%  confluency,  medium  was  replaced  with  fresh 
medium  containing  100  nM  of  either  OCT  (hSSTRs  2,3,5)  or  D-Trp8  SST-14  (hSSTR  1,4  which 
do  not  bind  OCT  (1 1,44)).  After  24  h.  Incubation,  the  cells  were  then  washed  in  PBS,  scraped, 
fixed  sequentially  in  1%  paraformaldehyde  and  70%  ethanol.  Cellular  DNA  was  labeled  with  the 
intercalating  dye  PI  (50  |Xg/ml)  in  PBS  and  incubated  at  37°  C  for  5  min  in  presence  of  RNAse  A 
(50  |ig/ml).  Rb  and  p21  were  immunolabeled  with  their  respective  antibodies,  followed  by 
counterstaining  with  FITC  conjugated  secondary  antibodies  as  previously  described  (1 1). 

Flow  cytometry 

Flow  cytometry  was  carried  out  in  an  EPICS  750  series  flow  cytometer  (Coulter  Electron¬ 
ics,  Hialeah,  FL).  Fluorescence  was  excited  by  a  5W  argon  laser  generating  light  at  351-363  nm. 
PI  emission  was  detected  through  a  610  nm  long  pass  filter  and  FITC  fluorescence  was  detected 
with  a  560  nm  short  pass  dichroic  filter.  At  least  10,000  gated  events  were  recorded  for  each 
sample  and  the  data  analyzed  by  Winlist  software  (Verity  Software  House,  ME). 
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Analysis  of  nuclear  morphology 

Aliquots  of  cells  stained  with  PI  for  analysis  by  flow  cytometry  were  cytospun  onto  mi¬ 
croscope  slides,  mounted  using  Immunomount  (Shandon,  Pittsburgh,  PA),  viewed,  and  photo¬ 
graphed  through  a  Reichert  Polyvar  2  fluorescence  microscope  (original  magnification  x  400). 

Western  Blot  Analysis 

Cells  were  lysed  in  Tris-HCl  buffer  (100  mM,  pH  7.2)  containing  300  mM  NaCl,  2%  Nonidet  P- 
40,  20%  glycerol  and  2mM  ZnCl2,  10  mg/ml  pepstatin  and  0.2  mM  pefabloc  (Boehringer  Mann¬ 
heim,  Canada).  Protein  measurement  was  performed  using  the  Bio-Rad  protein  assay  kit.  30  pg 
aliquots  were  electrophoresed  in  10%  SDS-polyacrylamide  gel  in  Running  Buffer  (50  mM  Tris- 
HCl,  60  mM  Boric  acid,  1  mM  EDTA,  0.1%  SDS),  transferred  onto  Protran  plus  membranes 
electrophoretically  in  a  buffer  containing  25  mM  Tris,  192  mM  glycine  and  15%  methanol.  Blots 
were  probed  with  anti— RB  antibody  (Pharmingen)  and  visualized  with  alkaline  phosphatase 
conjugate  detection  kit  (Bio-Rad,  Hercules,  CA).  Molecular  size  was  determined  using  10  kDa 
protein  ladder  (Life  Technologies,  Grand  Island,  NY)  and  staining  with  Ponceau  S  (46). 
Measurement  of  PTP  Activity 

Phosphatase  activity  in  whole  cell  extracts  or  membrane  and  cytosolic  fractions  was  deter¬ 
mined  using  pNPP  as  the  substrate  as  described  previously  (47). 
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Figure  1 

Effect  of  peptide  treatment  on  cell  cycle  parameters  in  CHO-K1  cells  expressing  hSSTRl-5. 
Representative  plots  showing  the  phase  distribution  of  cells  incubated  for  24  h  in  the  absence 
(top  panel)  or  presence  (bottom  panel)  of  100  nM  OCT  (hSSTRs  2,3,5)  or  D-Trp8  SST-14 
(hSSTRs  1,4).  Cellular  DNA  was  stained  with  PI  and  analyzed  by  flow  cytometry.  An  increase  in 
G(  peak  can  be  seen  in  cells  expressing  four  of  the  five  hSSTR  subtypes 
(hSSTR5>hSSTR2>hSSTR4~  hSSTRl).  This  contrasts  with  the  decrease  in  G1  peak  and  the 
appearance  of  a  hypodiploid  peak  in  the  region  A$  seen  following  peptide  treatment  in  cells  ex¬ 
pressing  hSSTR3. 

Figure  2 

Effect  of  agonist  treatment  on  cell  cycle  parameters  in  CHO-K1  cells  expressing  individual 
hSSTR  subtypes.  The  distribution  of  cells  in  Gq/G]  (top  panel),  S  (middle  panel)  and  G2/M 
(bottom  panel)  were  quantitated  by  analysis  of  PI  stained  cells  by  flow  cytometry  Increase  in  the 
number  of  cells  Gq/Gj  was  accompanied  by  a  decrease  in  cell  number  in  S  phase.  A  small  in¬ 
crease  in  G2/M  was  also  evident  in  agonist  treated  cells  (mean  ±  SE,  n=4).  *  p<  0.005;  **  p< 
0.05 
Figure  3 

hSSTR5  mediated  antiproliferative  signaling  in  CHO-K1  cells  causes  G1  cell  cycle  arrest  asso¬ 
ciated  with  induction  of  Rb.  A.  Flow  cytometric  analysis  of  hSSTR5  expressing  cells  incubated 
in  the  absence  and  presence  of  100  nM  OCT  for  24h.  Scattergram  represents  dual  label  plot  of 
FITC  fluorescence  of  immunostained  Rb  measured  on  a  log  scale  against  PI  fluorescence  meas- 
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ured  on  a  linear  scale.  In  addition,  PI  fluorescence  depicting  the  cell  cycle  distribution  is  shown 
on  the  top  and  the  FITC  fluorescence  of  immunostained  Rb  fluorescence  is  shown  on  the  right  of 
the  scattergram.  OCT  induced  increase  in  Rb  occurred  in  all  phases  of  the  cell  cycle  and  was  as¬ 
sociated  with  an  increase  in  the  number  of  cells  in  Gx.  Data  representative  of  3  separate  experi¬ 
ments.  B.  Western  blot  analysis  of  Rb  in  CHO-K1  cells.  In  addition  to  the  total  increase  in  Rb  in 
OCT  treated  cells,  a  significant  portion  was  in  the  hypophosphoylated  form  (pRb)  that  could  be 
distinguished  from  the  hyperphosphorylated  form  (ppRb)  on  the  basis  of  differential  electropho¬ 
retic  mobility.  C.  Nuclear  morphology  of  PI  stained  cells  revealed  nuclear  enlargement,  a  feature 
that  is  characteristic  of  G!  arrested  cells. 

Figure  4 

Time  dependency  of  hSSTR5  mediated  induction  of  Rb  and  inhibition  of  cell  cycle  progression. 
Following  incubation  in  presence  of  100  nM  OCT  for  the  indicated  time,  Rb  and  DNA  were 
quantitated  in  the  same  cell  populations  by  dual  label  flow  cytometry  (mean  ±  SE,  n=3;  *, 
p<0.05;  **,  p<0.005).  A.  Change  in  Rb  is  expressed  as  fold  increase  in  the  fluorescence  intensity 
compared  to  that  in  untreated  cells  taken  as  1.  B.  Inhibition  of  cell  proliferation  by  OCT  is  re¬ 
flected  in  the  increase  in  the  ratio  of  cells  in  Gj  and  S  phases  is  evident  by  8h  and  was  maximal 
at  24  h. 

Figure  5 

A.  Dose-dependent  induction  of  Rb  by  OCT  via  hSSTR5.  Rb  was  measured  following  immuno- 
fluorescent  staining  in  cells  incubated  with  the  indicated  concentrations  of  the  peptide  for  24  h 
(mean  ±  SE,  n=3).  B.  Immunoblot  demonstrating  that  OCT-induced  augmentation  in  Rb  is  asso¬ 
ciated  with  a  dose-dependent  increase  in  hypophosphorylated  form  of  Rb  (pRb). 
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Figure_6 

hSSTR5  mediated  cytostatic  signaling  is  pertussis  toxin  sensitive  G  protein  mediated  and  PTP 
dependent.  OCT  treated  cells  displayed  an  increase  in  p21  in  addition  to  Rb.  The  increase  in  p21 
in  cells  incubated  with  100  nM  OCT  was  less  than  that  of  Rb  (3.0  ±  0.8  vs.  8.1  ±  0.8  fold  respec¬ 
tively).  hSSTR5  signaled  induction  of  these  proteins  was  abolished  by  pretreatment  of  the  cells 
with  100  ng  pertussis  toxin  for  18  h  prior  to  incubation  with  the  peptide.  Na  orthovanadate  (10 
pg/ml)  present  during  the  incubation  with  the  peptide  also  inhibited  the  action  of  OCT  (mean  ± 
SE,  n=4,  *  p<0.005;  **,  p<0.05). 

Figure  7 

Effect  of  OCT  on  PTP  activity  in  CHO-K1  cells  expressing  hSSTR5.  PTP  activity  was  measured 
in  membrane  and  cytosolic  fractions  prepared  from  cells  incubated  in  the  absence  or  presence  of 
100  nM  OCT  for  24h.  The  enzyme  activity  was  measured  using  pNPP  as  the  substrate  (mean  ± 
SE,  n=3).  By  contrast,  OCT  did  not  stimulate  PTP  activity  of  the  membrane  fractions  when 
added  at  the  time  of  enzyme  assay  (not  shown). 

Figure  8 

hSSTR  subtype  selectivity  for  induction  of  Rb.  Maximum  induction  of  Rb  was  seen  in  cells  ex¬ 
pressing  hSSTR5,  followed  by  hSSTR2>hSSTR4>hSSTRl.  The  fluorescence  intensity  of  im- 
munostained  Rb  was  measured  in  cells  incubated  with  100  nM  OCT  (hSSTRs  2,3,5)  or  D-Trp8 
SST-14  (hSSTRs  1,4)  for  24  h.  The  relative  increase  in  fluorescence  intensity  in  peptide  treated 
cells  is  expressed  as  a  ratio  compared  to  that  in  the  respective  untreated  cells  taken  as  1  (mean  ± 
SE,  n=3;  *,  p<0.05;  **,  p<0.005). 
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Figure  9 

Topographical  arrangement  of  primary  aminoacid  sequence  of  hSSTR5  showing  the  N- 

glycosylation  sites  (CHO),  S/T  phosphorylation  sites  (dark  circles)  and  palmitoylation  site  (  *  ). 
C-tail  truncation  mutants  of  this  receptor  were  generated  by  inserting  stop  codons  at  sites  indi¬ 
cated  by  solid  lines. 

Figure  10 

Effect  of  C-tail  deletion  mutations  on  hSSTR.5  initiated  Rb  induction.  Values  represent  fold 
change  in  fluorescence  intensity  compared  to  that  in  the  respective  untreated  controls  taken  as  1 
(mean  ±  SE,  n=3,  *,  p<0.01;  **,p<0.0001). 

Figure  1 1 

Effect  of  C-tail  truncation  on  hSSTR5  signaled  change  in  cellular  distribution  of  PTP  activity  in 
CHO-K1  cells.  PTP  activity  was  measured  using  pNPP  as  the  substrate  in  membrane  and  cy¬ 
tosolic  fractions  of  cells  incubated  for  2  h  in  the  absence  and  presence  of  100  nM  OCT  (mean  ± 


SE,  n=3;  *,  p<0.0001;  **,  p<0.005). 
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ABSTRACT 

We  have  developed  a  panel  of  rabbit  polyclonal  antipeptide  antibodies  against  the  five 
somatostatin  receptor  subtypes  (hSSTRl-5)  and  used  them  to  analyse  the  pattern  of  expression  of 
hSSTRl-5  in  normal  human  islet  cells  by  quantitative  double  label  confocal  fluorescence 
immunocytochemistry.  All  five  hSSTR  subtypes  were  variably  expressed  in  islets.  The  number  of 
SSTR  immunopositive  cells  showed  a  rank  order  of  SSTR1  >  SSTR5  >  SSTR2  >  SSTR3  >  SSTR4. 
SSTR1  was  strongly  colocalized  with  insulin  in  all  P  cells.  SSTR5  was  also  an  abundant  isotype 
being  colocalized  in  87%  of  P  cells.  SSTR2  was  found  in  46%  of  P  cells  whereas  SSTR3  and  4  were 
relatively  poorly  expressed.  SSTR2  was  strongly  colocalized  with  glucagon  with  89%  of  a  cells 
whereas  SSTR5  and  SSTR1  colocalized  with  glucagon  in  35%  and  26%  of  a  cells  respectively. 
SSTR3  was  detected  in  occasional  a  cells  and  SSTR4  was  absent.  SSTR5  was  preferentially 
expressed  in  75%  of  SST  positive  cells  and  was  the  principal  6  cell  SSTR  subtype  whereas  SSTR1-3 
were  colocalized  in  only  a  few  Scells  and  SSTR4  was  absent.  These  studies  reveal  predominant 
expression  of  SSTR1,  2,  and  5  in  human  islets.  P,  a,  and  6  cells  each  express  multiple  SSTR 
isoforms,  P  cells  being  rich  in  SSTR1  and  SSTR5,  a  cells  in  SSTR2,  and  6  cells  in  SSTR5. 
Although  there  is  no  absolute  specificity  of  any  SSTR  for  an  islet  cell  type,  SSTR1  is  P  cell 
selective,  and  SSTR2  a  cell  selective.  SSTR5  is  well  expressed  in  P  and  8  cells,  and  moderately 
well  expressed  in  a  cells,  and  thereby  lacks  the  islet  cell  selectivity  displayed  by  SSTR1  and  SSTR2. 
Subtype  selective  SSTR  expression  in  islet  cells  could  be  the  basis  for  preferential  insulin 
suppression  by  SSTR1  specific  ligands  and  of  glucagon  inhibition  by  SSTR2  selective  compounds. 
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INTRODUCTION 

Somatostatin  (SST)1,  a  multi-functional  peptide,  is  produced  in  many  cells  throughout  the 
body  notably  in  the  brain,  gastrointestinal  tract,  and  pancreas  (1,2).  There  are  two  endogenous 
bioactive  forms  of  SST,  SST- 14  and  SST-28,  which  act  on  a  diverse  array  of  endocrine,  exocrine, 
neuronal,  and  immune  cell  targets  to  inhibit  secretion,  modulate  neurotransmission,  and  regulate  cell 
division  (1-4).  These  actions  are  mediated  by  a  family  of  G  protein  coupled  receptors  with  five 
known  subtypes  termed  SSTR1-5  that  are  widely  expressed  in  the  brain  and  periphery  in  a  tissue- 
and  subtype-selective  manner  (3,4).  All  five  SSTRs  are  functionally  coupled  to  inhibition  of 
adenylyl  cyclase  (3).  Some  of  the  receptor  subtypes  also  signal  through  other  effectors  such  as 
phosphotyrosine  phosphatase,  K+,  and  voltage-dependent  Ca2+  ion  channels,  a  Na+  /H+  exchanger, 
phosolipase  C,  phospholipase  A2,  and  invitrogen  activated  protein  kinase  (3).  SST-14  and  SST-28 
bind  to  all  five  human  (h)  SSTR  subtypes  with  nanomolar  affinity  (5).  SSTR1-4  bind  the  two 
peptides  approximately  equally  whereas  SSTR5  displays  weak  selectivity  for  SST-28  (5).  This  is 
in  contrast  to  the  current  generation  of  clinically  used  SST  analogs,  the  octapeptides  octreotide  and 
lanreotide,  which  bind  to  only  three  SSTRs  displaying  high  affinity  for  SSTR2  and  5  and  moderate 
affinity  for  SSTR3  (3-5).  SSTRs  are  dynamically  regulated  at  the  membrane  in  a  time-dependent 
manner  by  agonist  treatment  (6-9).  SSTR2,3,4,  and  5  undergo  acute  desensitization  and  are  variably 
internalized  whereas  SSTR1  is  resistant  to  internalization  (6-9).  Furthermore,  during  longterm 
agonist  treatment  SSTR1,  and  to  a  lesser  extent  SSTR2  and  4  are  upregulated  at  the  membrane 


'Abbreviations:  SST,  somatostatin;  SST-14,  somatostatin- 14;  SST-28,  somatostatin-28; 
SSTR,  somatostatin  receptor;  ICL,  intracellular  loop;  ECL,  extracellular  loop;  BSA,  bovine 
serum  albumin;  TBS,  tris  buffered  saline;  NGS,  normal  goat  serum. 
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whereas  there  is  no  effect  on  SSTR3  and  5  (6). 

The  pancreas  is  an  important  target  of  SST  action,  and  with  increasing  use  of  SST  analogs 
for  treating  neuroendocrine  tumors  and  various  digestive  disorders,  a  great  deal  of  interest  is 
currently  focused  on  the  effects  of  longterm  SST  pharmacotherapy  on  islet  cell  function  and  the 
nature  of  the  SSTR  subtypes  expressed  in  islet  cells  (1,2,10,1 1).  SST  is  produced  in  the  pancreas 
in  islet  6  cells  and  acts  directly  on  P  and  a  cells  to  inhibit  both  the  synthesis  and  secretion  of  insulin 
and  glucagon  (12-15).  SST  also  inhibits  pancreatic  polypeptide  as  well  as  endogenous  SST  secretion 
from  6  cells  through  an  autofeedback  mechanism  (2,16,17).  Specific  high  affinity  binding  sites  for 
SST  have  been  demonstrated  in  isolated  rat  islets,  cultured  islet  cells,  and  hamster  (HIT)  and  rat  (Rin 
M5f)  insulinoma  cells  (2, 18-24).  By  quantitative  electron  microscopic  autoradiography,  binding  . 
sites  for  SST  have  been  identified  in  p,  a,  and  6  cells  in  cultured  rat  islet  preparations  (18,21,22). 
Furthermore,  using  SST-14  and  SST-28  selective  radioligands,  SS-28  preferring  sites  have  been 
shown  to  predominate  on  P  cells  and  SST-14  sites  on  a  cells  (21).  At  a  molecular  level,  little 
progress  has  been  made  in  characterizing  the  pattern  of  expression  of  the  five  cloned  SSTR  subtypes 
in  individual  islet  cell  subpopulations.  Preliminary  evidence  based  on  reverse  transcriptase 
polymerase  chain  reaction  has  shown  expression  of  mRNA  for  each  of  the  five  SSTR  subtypes  in 
whole  rat  islets  (25).  By  immunohistochemistry,  SSTR2  has  been  recently  reported  to  be  localized 
in  a  and  PP  cells  but  not  in  P  cells  of  rat  islets  (26).  In  contrast  to  the  rat,  nothing  is  currently 
known  about  the  expression  of  SSTRs  in  human  islets.  Furthermore,  because  of  known  species- 
specific  variations  in  SSTR  expression,  the  results  of  rat  islet  SSTRs  may  not  apply  to  human  islets 
(2-4).  Accordingly,  in  the  present  study,  we  have  developed  and  characterized  a  panel  of  SSTR1-5 
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selective  polyclonal  antibodies  and  applied  them  to  study  the  immunohistochemical  colocalization 
of  the  receptor  isotypes  in  human  islet  cells  as  a  necessary  step  towards  elucidating  differential  islet 
cell  SSTR  expression  and  subtype-specific  regulation  of  individual  pancreatic  hormones. 

METHODS 

Reagents  and  Cell  Lines  Expressing  SSTRs 

Porcine  monocomponent  insulin  and  porcine  glucagon  were  obtained  from  Novo  Nordisk 
(Copenhagen,  Denmark).  Synthetic  SST-14  was  purchased  from  Bachem  (Torrance,  CA).  Antisera 
to  islet  hormones  were  obtained  as  gifts  as  follows:  guinea  pig  anti  insulin  serum  (P.  Wright, 
Indianapolis,  IN);  sheep  antiglucagon  serum  (R.A.  Donald,  Christchurch,  N.Z.);  mouse  monoclonal 
anti  SST-14  (J.C.  Brown,  Vancouver,  B.C.).  Rhodamine  conjugated  goat  anti-rabbit  secondary 
antibody  as  well  as  anti-guinea  pig,  anti-sheep,  and  anti-mouse  FITC  conjugated  secondary 
antibodies  were  obtained  from  Jackson  Laboratory  (Bar  Harbor,  Maine).  Stable  CHO-K1 
transfectants  individually  expressing  hSSTRl-5  were  prepared  as  described  and  cultured  in  Ham’s 
F12  medium  containing  10%  fetal  calf  serum  and  400  pg/ml  G418  (27). 

Production  and  Characterization  of  SSTR  Antibodies 

Rabbit  polyclonal  antibodies  were  raised  against  synthetic  oligopeptides  of  13-22  mer 
corresponding  to  sequences  in  the  C-tail,  the  third  intracellular  loop  (ICL)  or  the  second 
extracellular  loop  (ECL)  of  human  or  rat  SSTR  as  shown  below.  The  sequences  selected  were 
identical  in  the  case  of  human  and  rat  SSTR1  and  SSTR2,  or  differed  by  a  single  amino  acid  residue 
in  the  case  of  SSTR4  (4).  The  rSSTR3  and  rSSTR5  oligopeptides  showed  50%  and  70%  sequence 
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identity  with  the  corresponding  regions  of  the  human  receptors  (4). 

hSSTRl  -  C-tail  LKSRAYSVEDFQPENL 

hSSTR2  -  C-tail  DGERSDSKQDKSRLNETTETQR 

rSSTR3  -  3rd  ICL  RAPSCQWVQAPACQRRR 

rSSTR4  -  2nd  ECL  DTRPARGGEAVAC 

rSSTR5  -  C-tail  RRG Y GMED AD AIEPRP 

Peptides  were  conjugated  to  keyhole  limpet  hemocyanin  and  the  complexes  used  for  rabbit 
immunization  (27).  Anti  SSTR  activity  in  rabbit  sera  was  screened  by  dot  blot  analysis  against  the 
peptide  antigens.  Antibodies  identified  in  this  way  were  purified  from  whole  serum  by 
immunoaffinity  chromatography  using  the  immunizing  peptides  crosslinked  to  activated  agarose 
beads.  Immunoaffinity  purified  SSTR  antibodies  were  characterized  by  Western  blots  analysis  and 
immunocytochemistry  using  CHO-K1  cells  individually  transfected  with  hSSTRl-5. 


Western  BlotAnalysis 

Brain  membranes  were  prepared  from  cerebrocortical  tissue  freshly  obtained  from  male 
Sprague-Dawley  rats  for  analysis  of  SSTR  proteins.  35  pg  membrane  protein  was  solubilized  in 
sample  buffer  containing  62.5  mM  Tris-HCl,  pH  6.8,  2%  SDS,  10%  glycerol,  and  50  mM 
dithiothreitol  and  fractionated  by  electrophoresis  on  10%  SDS  polyacrylamide  gels  as  described  by 
Laemmli  (28).  The  fractionated  proteins  were  transferred  by  electrophoresis  to  0.2  pm  nitrocellulose 


membranes  (Protran  BA83,  Schleicher  &  Schuell  Inc.)  in  a  transfer  buffer  containing  0.025  M  Tris 


0.192  M  glycine,  15%  methanol.  The  membranes  were  blocked  with  5%  bovine  serum  albumin 
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(BSA)  in  Tris-buffered  saline  (50  mM  Tris-HCl,  pH  7.4, 1.5%  NaCl)  (TBS)  containing  0.2%  Tween 
20  for  3  h  at  20°  C  and  subsequently  incubated  overnight  at  4  0  C  with  affinity  purified  SSTR1-5 
antisera  or  antigen  preabsorbed  antisera  (2  pg/ul)  each  diluted  1 :400  in  TBS  containing  0.2%  Tween 
20.  Immunoreactive  bands  were  detected  by  exposure  to  x-ray  films  processed  for  chemiluminescent 
detection  (CSPD,  Boehringer  Mannheim).  For  molecular  weight  estimates,  the  10  kDa  protein 
ladder  standard  (Life  Technologies,  Bethesda,  MD)  was  used. 

limnunocytochemistiy, 

CHO-K1  cells  were  fixed  in  4%  paraformaldehyde  and  processed  for  immunocytochemistry 
as  previously  described  (27).  Pancreata  were  freshly  obtained  from  3  accidentally  deceased 
individuals  (2  male,  1  female,  age  range  34-56)  through  the  McGill  Pancreas  Transplantation 
Program.  The  pancreas  was  removed  by  dissection, perfused  with  University  of  Wisconsin  solution, 
stored  at  4°C  for  8-12h  (cold  ischaemia  time),  prior  to  fixation  in  4%  formaldehyde  for  2h  at  room 
temperature  and  embedding  in  paraffin.  Five  pm  sections  were  deparaffinized,  incubated  in  1% 
BSA,  and  5%  normal  goat  serum  (NGS)  in  TBS  for  1  h  at  room  temperature.  Sections  were  then 
incubated  with  SSTR  antibodies  (affinity  purified  and  diluted  1:500  -  1:700  in  TBS)  at  4°  C 
overnight  in  a  humid  atmosphere.  Following  3  successive  washes  in  TBS,  sections  were  incubated 
with  rhodamine  conjugated  goat  anti-rabbit  IgG  (diluted  1:100  in  TBS)  for  60  min  at  room 
temperature  and  after  several  additional  washes  in  TBS,  were  mounted  in  Immunofluor  mounting 
medium  for  visualization  under  a  confocal  microscope.  For  double  immunofluorescence  localization 
of  SSTR1-5  with  insulin,  glucagon,  and  SST,  sections  were  first  immunostained  for  SSTR1-5  and 
then  processed  for  islet  hormone  localization  using  a  similar  protocol  to  that  for  SSTR 
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immunohistochemistry.  Sections  were  incubated  overnight  at  4°  C  with  guinea  pig  anti-insulin 
serum  (1:800),  sheep  anti-glucagon  serum  (1:1000),  or  anti-mouse  monoclonal  SST-14  (1:100) 
antibodies.  After  three  washes  in  TBS,  sections  were  incubated  with  FITC  conjugated  goat  anti¬ 
guinea  pig,  goat  anti-sheep,  and  goat  anti-mouse  secondary  antibody  to  visualize  insulin,  glucagon, 
and  SST  respectively.  Sections  were  then  washed  again  in  TBS  and  mounted  in  Immunofluor. 

All  fluorescent  images  were  visualized  on  a  Zeiss  LSM  410  inverted  confocal  microscope 
equipped  with  an  argon-krypton  laser.  Rhodamine  signals  for  SSTR1-5  were  imaged  by  exciting 
samples  with  a  helium/neon  (543  nM)  laser.  Fluorescein  signals  for  insulin,  glucagon,  and  SST  in 
the  same  field  were  obtained  by  excitation  with  a  488  nM  line  from  an  argon/krypton  laser.  The 
images  were  overlapped  for  colocalization  of  SSTRs  in  insulin,  glucagon,  and  SST  immunoreactive 
cells.  Images  were  obtained  as  single  optical  sections  taken  from  the  tissue  and  averaged  over  32 
scans  per  frame.  All  images  were  archived  on  Jaz  Iomega  disk  and  printed  on  a  Kodak  XLS8300 
high  resolution  (300  dpr)  color  printer.  To  validate  the  specificity  of  SSTR  immunoreactivity,  the 
following  controls  were  included:  (a)  preimmune  serum  in  place  of  primary  antibody;  (b)  primary 
antibody  absorbed  with  excess  antigen;  (c)  nontransfected  CHO-K1  cells.  Antigen  absorbed 
antibody  was  used  as  control  for  insulin,  glucagon,  and  SST  immunofluorescence. 

Quantitative  Analysis 

The  three  pancreases  were  subjected  to  quantitative  analysis  to  determine  the  percent  of 
insulin,  glucagon,  and  SST  positive  cells  which  colocalized  SSTR1-5.  The  mean  percent  of  P,  a, 
and  6  cells  coexpressing  a  given  SSTR  subtype  was  determined  in  8-20  islets  from  each  pancreas 
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and  the  results  presented  as  mean  ±  SE  (n=3).  Because  islets  in  a  given  section  varied  in  size,  they 
were  randomly  selected  to  include  both  large  and  small  islets.  1081  ±  80  insulin  positive  cells,  432 
±  28  glucagon  positive  cells,  and  221  ±  12  SST  positive  cells  were  analysed  for  colocalization  of 
each  of  the  five  SSTRs. 


T 


* 


10 


RESULTS 

Specificity  of  SSTR1-5  Antibodies 

Figure  1  illustrates  Western  blots  of  SSTR1-5  in  rat  brain  membranes  probed  with 
immunoaffinity  purified  SSTR  antisera.  Major  protein  bands  of  53  kDa  (SSTR1),  57  kDa  (SSTR2), 
60  kDa  (SSTR3),  44  kDa  (SSTR4),  and  58  kDa  (SSTR5)  were  obtained.  Additional  minor  bands 
of  43  kDa  (SSTR1),  90  kDa  (SSTR3)  and  75  kDa  (SSTR5)  were  observed  in  the  case  of  three  of  the 
SSTRs.  The  bands  were  specific  and  were  inhibited  in  the  presence  of  antigen  absorbed  antibody. 
CHO-K1  cells  stably  transfected  with  individual  hSSTRl-5  displayed  positive  fluorescence  only 
when  reacted  with  the  corresponding  SSTR  primary  antibody  (data  not  shown).  There  was  no 
crossreactivity  of  any  of  the  five  SSTR  antisera  with  another  (nonhomologous)  subtype. 


Distribution  of  SSTR1-5  in  Pancreatic  Islets 

Figure  2  shows  representative  islets  from  different  parts  of  the  pancreas  single  stained  with 
SSTR1-5.  The  five  SSTRs  were  variably  expressed  in  all  islets  examined  (panels  A-J).  Rhodamine 
immunofluorescence  was  confined  mainly  to  islet  endocrine  cells  and  to  occasional  nonislet  cells 
and  was  distributed  both  on  the  cell  surface  as  well  as  in  cytoplasmic  vesicular  structures  (Fig.  2, 
panels  K-O).  All  islets  displayed  intense  SSTR1  immunofluorescence  in  the  majority  of  cells.  In 
the  case  of  SSTR2,  two  populations  of  islets  of  large  and  small  size  were  identified  with  different 
patterns  of  expression  of  this  subtype  (panels  B,  G).  Large  islets  expressed  SSTR2  in  many  cells 
in  the  center  as  well  as  the  periphery,  whereas  in  smaller  sized  islets,  SSTR2  positive  cells  were 
confined  to  the  peripheral  mantle  zone.  SSTR3  and  SSTR4  were  expressed  in  only  a  few  islet  cells 
whereas  SSTR5  was  localized  in  the  majority  of  islet  cells.  Quantitative  analysis  of  the  total  number 
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of  SSTR  immunopositive  islet  cells  showed  a  rank  order  of  SSTR1  >  SSTR5  >  SSTR2  >  SSTR3  > 
SSTR4.  Outside  the  islet,  SSTR2  was  readily  identified  in  the  walls  of  many  small  and  medium 
sized  arterioles;  scattered  nonislet  cells  with  a  neuronal  appearance  were  positive  for  SSTR1, 2,  and 
3  (not  shown). 

Colocalization  of  SSTR1-5  With  Insulin  in  Islet  B  Cells 

To  determine  the  pattern  of  expression  of  SSTR1-5  in  individual  islet  cell  subpopulations, 
we  undertook  a  quantitative  analysis  by  double-label  immunofluorescence  confocal  microscopy  of 
SSTR  antigens  with  insulin,  glucagon,  and  somatostatin.  Figure  3  (panels  A-E)  shows  rhodamine 
immunofluorescent  localization  of  SSTR1-5  (in  red)  in  representative  islet  samples.  {3  cells  were 
identified  in  the  same  sections  by  fluorescein  immunofluorescence  with  insulin  antibody  (in  green) 
and  accounted  for  approximately  80%  of  the  islet  endocrine  cells  (Fig.  3,  panels  F-J).  Overlapping 
the  SSTR  and  insulin  immunofluorescent  images,  revealed  colocalization  of  SSTR  1-5  with  insulin 
(yellow-orange  color)  (Fig.  3,  K-O).  By  quantitative  analysis,  SSTR1  colocalized  strongly  with  all 
insulin  positive  cells  and  was  the  predominant  P  cell  SSTR  (Fig.  4,  upper  panel).  SSTR2  colocalized 
with  46  ±  9%  of  insulin-producing  cells  whereas  SSTR3  and  SSTR4  were  relatively  poorly 
expressed  in  28  ±  8%  and  17  ±  4%  of  P  cells  respectively.  SSTR5  was  also  an  P-cell  abundant 
isotype  being  colocalized  in  87  ±  10%  of  cells.  Overall,  the  relative  frequency  of  SSTR  expression 
in  P  cells  was  SSTR1  >  SSTR5  >  SSTR2  >  SSTR3  >  SSTR4. 

Colocalization  of  SSTR1-5  With  Glucagon  in  Islet  a  Cells 


Figure  5  depicts  representative  islet  sections  processed  for  colocalization  of  SSTR1-5 
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(rhodamine  fluorescence,  red)  with  glucagon  (fluorescein  immunofluorescence,  green).  As  expected, 
glucagon-producing  a  cells  were  much  less  numerous  than  P  cells  and  were  distributed  both  as 
scattered  cells  within  the  core  region  of  the  islet  as  well  as  around  the  islet  mantle  (Fig.  5,  F-J). 
Colocalization  of  SSTR1-5  with  glucagon  (Fig.  5,  K-O)  showed  a  different  profile  of  SSTR 
expression  compared  to  P  cells.  SSTR1  positive  cells  colocalized  with  only  26  ±  10%  of  glucagon 
positive  cells  (Fig.  4,  middle  panel).  SSTR2  was  the  predominant  a  cell  subtype  being  colocalized 
in  89  ±  11%  of  glucagon  positive  cells.  SSTR3  immunofluorescence  was  confined  to  a  small 
subset,  14  ±  6%  of  glucagon  positive  cells,  whereas  SSTR4  was  absent  in  a  cells  (Fig.  5,  M-N). 
SSTR5  was  moderately  well  colocalized  with  glucagon,  being  detected  in  35  ±  10%  of  the  a  cells 
(Fig.  5,  panel  O  and  Fig.  4,  middle  panel). 

fc. 

Colocalization  of  SSTR1-5  With  SST  in  5  Cells 

Figure  6  shows  the  results  of  SSTR1-5  colocalization  with  SST  in  representative  islet 
sections.  SST-producing  cells  were  identified  as  a  sparse  population  of  cells  distributed  both  within 
the  center  and  peripheral  regions  of  the  islet  (Fig.  6,  panels  F-J).  A  distinctive  pattern  of  SSTR1-5 
expression  in  6  cells  was  observed  which  differed  from  that  in  P  and  6  cells  (Fig.  6,  panels  K-O). 
SSTR5  was  preferentially  expressed  in  75  ±  10%  of  SST  positive  cells  and  was  the  predominant  6 
cell  SSTR  subtype  (Fig.  6,  panel  O,  Fig.  4,  lower  panel).  In  contrast,  SSTR1-3  antigens  were 
colocalized  in  only  a  few  6  cells  comprising  12  ±  4%,  11  ±  6%,  and  14  ±  6%  of  the  total  SST 
positive  cells  respectively  (Fig.  6,  panels  K-M  and  Fig.  4,  lower  panel).  As  in  the  case  of  a  cells, 
SSTR4  was  also  absent  from  6  cells  (Fig.  6N). 
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SSTR  Subtype  Selectivity  For  B-.  a-.  and  5-  Cell  Expression 

A  comparison  of  SSTR  subtype  selectivity  for  islet  cell  expression  showed  preferential 
expression  of  SSTR1  in  p  cells  and  of  SSTR2  in  a  cells  (Fig.  4).  Such  selectivity  in  the  case  of 
SSTR2  was  relative  rather  than  absolute  since  approximately  half  the  P  cells  also  expressed  SSTR2. 
SSTR5  was  well  expressed  in  P  and  6  cells  and  moderately  well  expressed  in  a  cells  and  thereby  did 
not  display  the  same  degree  of  selectivity  as  SSTR1  and  SSTR2.  SSTR4,  a  weakly  expressed  islet 
subtype  was  nonetheless  only  found  in  P  cells.  SSTR3  was  the  the  least  distinctive  subtype  being 
constitutively  expressed  in  10-20%  of  all  islet  cells  examined. 

DISCUSSION 

The  present  study  represents  the  first  description  of  the  pattern  of  expression  of  the  five 
SSTRs  in  normal  human  pancreas.  All  five  SSTRs  were  detected  in  islets,  with  a  rich  expression 
of  subtypes  1, 2,  and  5  and  relatively  weak  expression  of  SSTR3  and  4.  The  five  SSTRs  displayed 
a  cell-  and  subtype-specific  pattern  of  expression  in  P,  a,  and  6  cells.  All  P  cells  expressed  SSTR1 
and  the  majority  coexpressed  SSTR5  making  these  two  isoforms  the  predominant  P  cell  SSTRs.  a 
cells  preferentially  expressed  SSTR2  and  8  cells  were  selective  for  SSTR5.  SSTR1  is  thus  P  cell- 
selective  and  SSTR2  a  cell-selective.  SSTR5  was  well  expressed  in  P  and  8  cells  and  moderately 
well  expressed  in  a  cells  and  thereby  lacked  the  islet  cell  selectivity  displayed  by  SSTR1  and 
SSTR2. 


Because  there  are  no  monospecific  agonists  or  antagonists  currently  available  for  any  of  the 
individual  SSTR  subtypes  (3),  we  developed  a  panel  of  rabbit  polyclonal  antipeptide  SST  antibodies 
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as  tools  for  studying  the  cellular  distribution  of  each  individual  SSTR  protein.  The  specificity  of 
our  antibodies  for  the  human  receptors  was  validated  by  confocal  immunofluorescence  analysis  of 
CHO-K1  cells  individually  transfected  with  hSSTRl-5.  In  addition,  to  reduce  background 
immunoreactivity,  we  used  only  affinity  purified  antibodies  for  Western  analysis  and 
immunocytochemistry  and  confirmed  specific  labelling  in  each  case  by  using  optimally  titrated 
antibody  concentrations  and  by  inhibition  with  antigen  preabsorbed  antibody  controls.  For 
colocalization  experiments,  we  used  primary  antibodies  against  the  SSTRs  and  islet  hormones  that 
were  raised  in  different  species.  The  antibodies  were  directed  against  both  rat  and  human  receptor 
sequences  and  by  immunoblot  analysis  of  rat  brain  membranes  reacted  in  each  case  with  a  single 
predominant  protein  species.  The  size  of  rSSTRl  (53  kDa)  is  within  the  range  reported  for  hSSTRl 
expressed  in  BHK  cells  (53-72  kDa)  (29).  Likewise,  the  size  of  our  rSSTR3  and  rSSTR4  is  similar 
or  virtually  identical  to  that  described  for  the  human  isoforms  of  these  two  subtypes  (29).  Our 
estimate  of  the  molecular  mass  of  rSSTR5  (58  kDa)  is  comparable  to  that  of  the  human  receptor  (52- 
66  kDa)  although  both  are  somewhat  smaller  than  the  receptor  size  recently  described  for  pituitary 
rSSTR5  (29,30).  In  the  case  of  SSTR2,  our  protein  band  of  57  kDa  is  within  the  range  described 
previously  for  this  subtype  in  rat  brain  and  mouse  AtT-20  cells,  and  for  hSSTR2  in  transfected  HEK- 
293  cells  (29,31).  Others,  however,  have  found  a  somewhat  larger  SSTR2  protein  of  90  kDa  by 
immunoblot  analysis  in  rat  brain  and  pancreas  (26,32).  These  differences  may  be  explained  by 
variations  in  antibody  specificity,  the  presence  of  multiple  bands,  and  differential  glycosylation  of 
the  receptor  protein  in  the  different  transfected  cell  lines  and  tissues  studied. 


Human  islets  were  rich  in  SSTRs,  expressing  all  five  subtypes.  Islets  thus  join  other  tissues 
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such  as  the  rat  brain,  and  pituitary,  which  have  also  been  shown  to  coexpress  the  full  SSTR  family 
(2-4, 26,33).  SSTR1  was  a  major  islet  cell  receptor  and  was  expressed  in  all  P  cells.  This  contrasts 
with  the  poor  expression  of  SSTR1  in  the  pituitary,  especially  in  rat  somatotrophes  which  are 
virtually  devoid  of  this  subtype  (27).  Since  most  P  cells  also  expressed  SSTR5,  and  half  expressed 
SSTR2  as  well,  this  means  that  individual  P  cells  coexpress  SSTR1  with  SSTR5  and  a  small 
subpopulation  features  some  of  the  remaining  subtypes  as  well.  Increasing  evidence  points  to  the 
occurrence  of  multiple  SSTR  subtypes  in  many  different  types  of  tumor  cells  as  well  as  in  normal 
cells  such  as  the  pituitary  which  have  been  characterized  in  detail  (27,30,31,33).  Since  all  five 
SSTR  isoforms  bind  the  natural  ligands  SST-14  and  SST-28  with  nanomolar  affinity,  and  share 
common  signalling  pathways  such  as  the  inhibition  of  adenylyl  cyclase,  the  functional  significance 
of  more  than  one  SSTR  subtype  in  the  same  cell  remains  unclear  at  the  moment  (3,4).  Whether  the 
different  SSTRs  subserve  different  biological  roles  in  the  same  cell,  or  whether  they  cooperate 
through  e.g.  dimerization,  to  create  greater  signalling  diversity  remains  to  be  determined  (34,35). 


Our  findings  suggest  that  SST  regulation  of  P  cell  function  is  mediated  via  SSTR1  and 
SSTR5,  the  two  predominant  subtypes  expressed  in  this  cell.  Binding  studies  using  quantitative 
autoradiography  have  suggested  a  preponderance  of  SST-28  compared  to  SST-14  sites  in  rat  P  cells, 
presumably  reflecting  preferential  expression  of  the  SST-28  selective  SSTR5  subtype,  but  whether 
this  applies  also  to  human  islets  will  require  additional  quantitative  studies  with  subtype  selective 
ligands  (21).  The  pattern  of  expression  of  SSTRs  in  a  cells  was  much  more  selective  than  in  P  cells. 
Virtually  all  of  these  cells  expressed  SSTR2,  whereas  coexpression  of  the  remaining  subtypes  was 
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restricted  to  1 5-30%  of  cells.  Our  finding  of  the  preferential  expression  of  SSTR2  with  glucagon 
is  in  agreement  with  similar  results  obtained  by  immunohistochemistry  with  SSTR2  antibody  in  the 
rat  pancreas,  and  along  with  earlier  autoradiographic  data  showing  preferential  labelling  of  a  cells 
with  SST-14  compared  to  SST-28  selective  ligands,  suggests  that  SSTR2  is  the  likely  mediator  of 
SST  action  in  a  cells  (21,26).  Like  a  cells,  6  cells  also  displayed  a  subtype-selective  pattern  of 
SSTR  expression  with  virtually  exclusive  expression  of  SSTR5.  The  presence  of  specific  SSTRs 
on  6  cells  is  consistent  with  the  well  known  ability  of  synthetic  analogs  of  SST  to  inhibit  endogenous 
SST  secretion  by  autofeedback  (17).  Furthermore,  the  finding  of  SSTR5  as  the  6  cell  SSTR 
corroborates  our  earlier  autoradiographic  finding  of  mainly  SST-28  selective  binding  sites  on  this 
cell  type  (20). 

The  present  results  have  important  functional  and  therapeutic  implications.  The  predominant 
expression  of  SSTR1  and  5  in  P  cells  and  of  SSTR2  in  a  cells  helps  to  explain  the  differential 
sensitivity  of  human  and  monkey  islets  to  insulin  suppression  by  SST-14  and  to  glucagon  inhibition 
by  octreotide  (36,37).  It  may  also  explain  the  relatively  benign  effect  of  octapeptide  SST  analogs 
like  octreotide  on  carbohydrate  tolerance  during  longterm  therapy.  This  is  because  SSTR1,  a  major 
P  cell  SSTR  does  not  bind  octreotide,  and  SSTR5  in  P  cells  would  likely  desensitize  with  time, 
whereas  the  a  cell  SSTR2  subtype  would  upregulate  with  continued  SST  treatment  and  remain 
responsive  (5,6).  Our  finding  of  subtype  selective  expression  of  SSTRs  in  islet  cells  now  provides 
a  rational  basis  for  the  development  of  SSTR1  specific  ligands  for  preferential  insulin  suppression 
and  of  SSTR2  selective  compounds  for  glucagon  inhibition. 
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FIGURE  LEGENDS 

Figure  1.  Western  blot  analysis  of  SSTR1-5  in  rat  brain  membranes.  35  jug  membrane  protein 
was  fractionated  by  SDS-PAGE  and  probed  with  immimoaffinity  purified  SSTR  antisera  (lane  A  of 
each  pair)  or  antigen  preabsorbed  antibody  (lane  B  of  each  pair).  Major  protein  bands  of  53  kDa 
(SSTR1),  57  kDa  (SSTR2),  60  kDa  (SSTR3),  44  kDa  (SSTR4),  and  58  kDa  (SSTR5)  were  obtained. 
The  bands  were  specific  and  were  inhibited  in  the  presence  of  antigen  absorbed  antibody.  10  kDa 
protein  ladder  standards  were  used  for  molecular  weight  estimates.  Data  are  representative  of  3 
experiments. 

Figure  2.  Confocal  images  depicting  the  immunohistochemical  localization  of  SSTR1-5  in 
representative  islet  sections.  Sections  were  immunolabelled  with  anti-rabbit  SSTR  antibodies 
followed  by  rhodamine  conjugated  goat  anti-rabbit  IgG.  All  five  SSTRs  are  localized  in  islet  cells 
with  a  rich  expression  of  subtypes  1,2,  and  5  and  relatively  weak  expression  of  subtypes  3  and  4. 
Note  the  differential  expression  of  SSTR2  in  large  islets  (many  cells  labelled)  and  small  islets 
(peripheral  cells  labelled  only).  Panels  K-0  are  high  powered  images  showing  SSTR 
immunoreactivity  both  as  surface  membrane  as  well  as  cytosolic  immunofluorescence.  Control 
sections  in  which  the  SSTR  primary  antibodies  were  replaced  with  antigen  preabsorbed  serum  show 
no  immunoreactivity  (panels  P-T).  Scale  bar  in  G  =  10  pm,  K-O,  5  pm  and  the  remaining  panels 
25  pm. 

Figure  3.  Confocal  images  of  representative  islets  double  labelled  for  immunofluorescence  for 
SSTR1-5  and  insulin.  SSTR  immunoreactivity  is  localized  by  rhodamine  (red)  fluorescence  in  the 
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left-hand  panels.  Insulin  positive  cells  are  identified  by  green  immunofluorescence  in  the  same 
sections  (middle  panels).  Coexpression  of  SSTRs  with  insulin  is  indicated  by  a  yellow-orange  color 
(right-hand  panels).  These  1 100  x  800  pixel  images  constructed  in  a  single  composite  do  not  fully 
reflect  the  quality  of  the  fields  viewed  through  the  microscope.  Please  refer  to  the  Methods  section 
for  details  of  the  primary  antibodies  and  controls  used  for  colocalization.  Scale  bar  25  pm. 

Figure  4.  Quantitative  analysis  of  the  expression  of  SSTR1-5  in  P,  a,  and  6  cells.  The  bars 
represent  the  mean  ±  SE  (n  =  3)  percent  of  cells  positive  for  a  given  SSTR  subtype  in  8-20  islets 
from  each  of  the  three  pancreases.  A  mean  of  1081  ±  80  p  cells,  432  ±28  a  cells,  and  221  ±  12  6 
cells  were  analysed. 

Figure  5.  Confocal  images  of  pancreatic  islet  cells  double  labelled  for  immunofluorescence  for 
SSTR1-5  and  glucagon.  SSTR  immunoreactivity  is  localized  by  rhodamine  (red)  fluorescence  in 
the  left-hand  panels.  Glucagon-positive  cells  are  identified  by  green  immunofluorescence  in  the 
same  sections  (middle  panels).  Coexpression  of  SSTRs  with  glucagon  is  indicated  by  a  yellow- 
orange  color  (right-hand  panels).  For  details  of  the  primary  antibodies  and  controls  used  for 
co localization  refer  to  the  Methods  section.  See  also  legend  to  figure  3.  Scale  bar  25  pm. 

Figure  6.  Confocal  images  of  pancreatic  islet  cells  double  labelled  for  immunofluorescence  for 
SSTR1-5  and  SST.  SSTR  immunoreactivity  is  localized  by  rhodamine  (red)  fluorescence  in  the  left- 
hand  panels.  SST-positive  cells  are  identified  by  green  immunofluorescence  in  the  same  sections 
(middle  panels).  Coexpression  of  SSTRs  with  SST  is  indicated  by  a  yellow-orange  color  (right-hand 
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panels).  For  details  of  the  primary  antibodies  and  controls  used  for  colocalization  refer  to  the 
Methods  section.  See  also  legend  to  figure  3.  Scale  bar  25  pm. 
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Somatostatin  (SST)  analogs  inhibit  tumor  cell  growth  by 
exerting  direct  anti-proliferative  effects  with  cytostatic 
(growth  arrest)  or  cytotoxic  (apoptosis)  consequences.  The 
SST  analog  SMS  201-995  (octreotide,  OCT)  inhibits  growth 
of  MCF-7  human  breast  adenocarcinoma  cells,  which  express 
multiple  SSTRs.  Its  action  has  been  reported  to  result  in 
either  apoptosis  or  growth  arrest,  but  the  underlying  mecha¬ 
nisms  have  not  been  elucidated  in  this  tumor  cell  model. 
Here,  we  report  that  OCT  elicits  cytotoxic  response  in  these 
cells,  leading  to  apoptosis,  which  is  associated  with  a  rapid, 
time-dependent  induction  of  wild-type  p53  and  an  increase  in 
Bax.  There  was  no  G(  cell-cycle  arrest  in  these  cells  during 
OCT  treatment  as  suggested  by  the  decrease  in  G,/S  ratio 
and  the  lack  of  induction  of  pRb  and  p2l.  Additionally,  we 
demonstrate  that  OCT-induced  DNA  fragmentation  in  this 
cell  line  is  due  to  selective  activation  of  a  cation-insensitive 
acidic  endonuclease.  Our  data  provide  a  rationale  for  utilizing 
SST  analogs  to  treat  SSTR-positive  breast  cancer  cells  express¬ 
ing  wild-type  p53.  /nt.  J.  Cancer  76:259-266,  1 998. 

©  1998  Wiley-Liss,  Inc. 

Somatostatin  (SST)  and  its  analogs  regulate  multiple  cellular 
activities,  such  as  secretion  and  proliferation  through  a  family  of  5 
G  protein-coupled  receptor  (SSTR)  subtypes  (Patel  etal,  1995).  In 
tumor  cells  which  express  multiple  SSTR  subtypes,  the  growth- 
inhibitory  '  action  of  SST  can  induce  cell-cycle  arrest  and/or 
apoptosis  (Patel  et  al,  1994;  Pagliacci  et  al.,  1991;  Srikant,  1995; 
Candi  et  al,  1995;  Cheung  and  Boyages,  1995).  We  have  demon¬ 
strated  that  SST  induces  apoptosis  but  not  cell-cycle  arrest 
selectively  through  human  (h)SSTR3.  This  is  associated  with 
induction  of  the  wild-type  (wt)  tumor-suppressor  protein  p53  and 
Bax  (Sharma  et  al,  1996).  While  hSSTR3-mediated  cytotoxic 
signaling  is  agonist  dose-dependent,  we  have  determined  that  SST 
exerts  cytostatic  action  via  other  hSSTR  subtypes  and  induces  a  Gj 
cell-cycle  arrest  but  no  apoptosis  (Sharma  et  al,  1996,  1997).  Such 
cytostatic  signaling  occurs  in  a  p5 3 -independent  manner.  The 
octapeptide  SST  analog  SMS  201-995  (octreotide,  OCT)  inhibits 
growth  of  MCF-7  human  breast  adenocarcinoma  cells.  We  and 
others  have  shown  that  this  is  due  to  induction  of  apoptosis 
(Srikant,  1995;  Candi  et  al,  1995),  contradicting  a  claim  that  it 
leads  to  transient  cell-cycle  arrest  but  no  apoptosis  (Pagliacci  et  al, 
1991).  Since  these  effects  are  elicited  by  different  SSTR  subtypes, 
we  examined  the  effect  of  OCT  on  wt  p53,  Bax,  Bcl2,  pRb,  p21  and 
c-Myc  in  relation  to  changes  in  cell-cycle  progression  in  MCF-7 
cells  as  a  model  system  which  displays  simultaneous  expression  of 
multiple  SSTR  subtypes.  We  report  here  that  OCT  activates  wt  p53 
and  Bax  and  triggers  rapid  apoptosis  in  these  cells.  Its  cytotoxic 
action  is  elicited  without  altering  cellular  levels  of  p21,  pRb,  c-Myc 
or  Bcl-2  and  without  imposing  Gi  arrest.  Additionally,  we  demon¬ 
strate  that  OCT-induced  apoptosis  is  associated  with  selective 
activation  of  a  Ca2+/Mg2+-insensitive  endonuclease  exhibiting  an 
acidic  pH  optimum. 


MATERIAL  AND  METHODS 

MCF-7,  a  human  breast  adenocarcinoma  cell  line,  was  obtained 
from  the  ATCC  (Bethesda,  MD).  The  SST  analog  SMS  201-995 


(OCT)  was  obtained  from  Sandoz  (Basel,  Switzerland).  Propidium 
iodide  (PI)  was  purchased  from  Sigma  (St.  Louis,  MO).  Monoclo¬ 
nal  antibodies  (MAbs)  against  wt  specific  anti-p53  antibody  pAb 
1801  and  FITC-conjugated  goat  anti-mouse  and  anti-rabbit  IgG 
antibodies  were  obtained  from  Zymed  (San  Francisco,  CA). 
Anti-c-Myc  antibody  (Ab-2,  MAb)  and  anti-Bcl-2  antibody  (Ab-1, 
MAb)  were  purchased  from  Oncogene  Science  (Cambridge,  MA). 
Antibodies  against  p21  (C-19,  rabbit  polyclonal)  and  anti-Bax 
(P-19,  rabbit  polyclonal)  were  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA).  The  annexin  V  apoptosis  detection  kit  was 
supplied  by  R&D  Systems  (Minneapolis,  MN).  All  other  chemicals 
used  were  of  analytical  grade  and  were  obtained  from  regular 
commercial  sources. 

Cell  culture 

Cells  were  plated  in  75-cm2  culture  flasks  and  grown  in  minimal 
essential  medium  containing  non-essential  amino  acids  and  supple¬ 
mented  with  10%  FBS  and  10  mg  •  ml-1  bovine  insulin.  Medium 
was  changed  every  2nd  day  until  cells  reached  60  to  70% 
confluence,  after  which  cells  were  incubated  in  the  presence  or 
absence  of  0.1  to  100  nM  OCT  for  the  indicated  periods  of  time, 
with  the  medium  containing  fresh  peptide  being  replenished  every 
24  hr  during  prolonged  incubation. 

At  the  end  of  the  incubation,  the  medium  was  removed  and  cells 
were  washed  in  PBS,  scraped  and  fixed  sequentially  in  1% 
paraformaldehyde  in  PBS  and  in  70%  ethanol.  Cellular  DNA  was 
labeled  with  the  intercalating  dye  PI  (50  pg/ml)  in  PBS  and 
incubated  at  37°C  for  5  min  in  the  presence  of  RNAse  A  (50  pg/ml). 
p53  was  labeled  with  the  anti-p53  MAb  1801.  c-Myc,  pRb,  p21, 
Bax  and  Bcl-2  were  labeled  with  the  respective  MAbs  described 
above.  Antigen-bound  primary  antibodies  were  then  stained  with 
FITC-conjugated  goat  anti-mouse  or  anti-rabbit  IgGs  and  analyzed 
directly  or  after  counterstaining  with  PI. 

Detection  of  apoptosis  by  annexin  V  labeling 

To  establish  that  OCT  induces  apoptosis  and  not  necrosis, 
unfixed  cells  were  incubated  with  FITC-conjugated  annexin  V  and 
PI  using  the  apoptosis  detection  kit  according  to  the  manufacturer’s 
instructions. 

Flow  cytometry 

Flow  cytometry  was  carried  out  with  an  EPICS  750  series 
flow  cytometer  (Coulter,  Hialeah,  FL).  Fluorescence  was  excited 
by  a  5W  argon  laser  generating  light  at  351  to  363  nm,  PI  emiss¬ 
ion  was  detected  through  a  610-nm  long-pass  filter  and  FITC 
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fluorescence  was  detected  with  a  560-nm  short-pass  dichroic 
filter.  At  least  10,000  gated  events  were  recorded  for  each 
sample  and  the  data  analyzed  by  Winlist  and  Isocontour  soft¬ 
wares  (Verity  Software  House,  Topsham,  ME)  and  by  WinMDI 
software. 


0  24  48 
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Figure  1 
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QCT[nM]  0  0  1  1  10  100 

Figure  2 -Dose  dependence  of  OCT-induced  apoptosis.  MCF-7 
cells  were  incubated  with  0  to  100  nM  peptide  for  24  hr,  and  the 
percentage  of  cells  exhibiting  high  annexin  V-FITC  fluorescence  was 
determined  by  flow  cytometry  (mean  ±  SE,  n  =  4). 


Preparation  of  nuclear  extract  and  determination 
of  endonuclease  activity 

The  nuclear  protein  extract  containing  endonuclease  activity  was 
prepared  as  described  by  Eastman  (1995)  from  MCF-7  cells 
pre-incubated  for  24  hr  in  the  absence  or  presence  of  100  nM  OCT. 
Briefly,  2  X  106  cells  were  resuspended  and  allowed  to  swell  for  20 
min  on  ice  in  20  mM  Hepes-KOH  buffer,  pH  7.4,  containing  0.75 
mM  spermidine,  0.15  mM  spermine,  0.1  mM  EDTA  and  ImM  each 
of  DTT  and  phenylmethylsulfonyl  fluoride  (PMSF,  HSSE  buffer). 
Cells  were  sonicated  after  adding  sucrose  to  a  final  concentration  of 
0.5  M.  This  mixture  was  centrifuged  for  10  min  at  150  g,  and  the 
pellet  was  resuspended  in  0.75  ml  of  the  buffer  containing  0.5  M 
sucrose,  layered  on  1.5  M  sucrose/HSSE  buffer  and  centrifuged  for 
20  min  at  13,000  g.  The  nuclei  were  then  resuspended  in  a  buffer 


Figure  1  -  Effect  of  OCT  on  cell-cycle  parameters  in  MCF-7  cells. 
Data  shown  are  representative  of  4  experiments,  (a)  Representative 
plots  depicting  phase  distribution  of  cells  incubated  with  100  nM  OCT 
for  the  indicated  periods  of  time.  Cellular  DNA  was  stained  with  PI  and 
analyzed  by  flow  cytometry.  A  rapid,  time-dependent  decrease  in  Go/Gj 
paralleled  by  the  accumulation  of  cells  with  hypodiploid  DNA  content 
to  the  left  of  Gq/G]  occurred  during  OCT  treatment.  A  transient  increase 
in  S  phase  and  a  progressive  decrease  in  G2/M  phase  was  also  evident. 
Cells  in  the  Go/G^  S  and  G2/M  regions  ranged  38  ±  5%,  15  ±  3%  and 
9  ±  2%,  respectively,  at  48  hr  compared  to  73.6  ±  6%,  11.2  ±  1.7% 
and  16.4  ±  2.7%,  respectively,  in  the  control  (mean  ±  SE,  n  =  4). 
Inset:  Demonstration  of  time-dependent,  OCT-induced  increase  in 
DNA  fragmentation.  DNA  extracts  were  electrophoresed  on  1.2% 
agarose  gel,  stained  with  ethidium  bromide  and  visualized  in  UV  light 
as  described  in  “Material  and  Methods.”  (b)  Morphological  evidence 
for  nuclear  shrinking  in  OCT-treated  cells.  Cells  labeled  with  PI  for 
analysis  by  flow  cytometry  were  cytospun  onto  microscope  slides, 
mounted  using  immunomount  (Shandon,  Pittsburgh,  PA),  viewed  and 
photographed  through  a  Reichert  (Vienna,  Austria)  Polyvar  2  fluores¬ 
cence  microscope.  Bar:  25  pm.  (c)  Dot-plot  analysis  of  cells  dual- 
labeled  with  annexin  V-FITC  and  PI  confirms  the  induction  of 
apoptosis  by  OCT  in  MCF-7  cells.  Annexin  V-FITC  labeling,  but  not 
PI  labeling,  is  markedly  enhanced  following  treatment  with  100  nM 
OCT  for  24  hr.  The  absence  of  necrosis  is  evident  from  the  lack  of 
dual-positive  cells  staining  for  both  PI  and  annexin  V-FITC  (upper 
right  quadrant),  (d)  Effect  of  OCT  on  cell-cycle  distribution.  The 
number  of  cells  in  Gq/Gi,  S  and  G2/M  phases  is  expressed  as  percent  of 
total  cells  analyzed  for  PI  staining  at  each  time  point.  A  statistically 
significant  decrease  in  GoA^  and  an  increase  in  S  phase  were  observed 
at  24  and  48  hr  (*p  <  0.01,  n  =  4).  A  slight  but  non-significant 
decrease  in  G2/M  was  also  seen  at  these  time  points. 
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containing  10  mM  sodium  acetate,  10  mM  sodium  phosphate,  10  1995).  This  mixture  was  incubated  at  37°C  for  30  min,  electropho 

mM  bistrfspropane,  1  mM  DTT  and  1  mM  PMSF  (APB  buffer)  and  resed  on  a  1 .2%  agarose  gel  (w/v)  containing  ethidium  bromide  and 

recentrifuged  to  remove  residual  spermine  and  spermidine.  Nuclear  visualized  under  UV  light. 

protein  extracts  were  prepared  by  resuspending  the  nuclei  in  APB 

buffer  (pH  7)  containing  0.5  M  NaCl.  After  1-hr  incubation  on  ice, 

the  precipitated  DNA  was  pelleted  by  centrifugation  at  14,000  g  for 

1 0  min  and  the  supernatant  recovered.  Genomic  DNA  was  prepared  RESULTS 

from  control,  untreated  MCF-7  cells  as  previously  described  ^  ..  , 

(Sharma  et  al ,  1996).  Endonuclease  assay  was  performed  by  Analysis  of  DNA  stained  with  the  intercalating  dye  PI  revealed 
incubating  100  ng  of  genomic  DNA  (prepared  from  control,  that  OCT  (100  nM)  induced  a  time-dependent  decrease  in  the 

untreated  MCF-7  cells)  with  10  ng  of  nuclear  protein  extract  in  the  population  of  MCF-7  cells  in  G,  phase  and  a  transient  increase  in  S 

absence  or  presence  of  Ca2+/Mg2+  in  a  buffer  containing  10  mM  phase,  which  was  maximal  by  24  hr  (Fig.  la).  The  progressive 

sodium  acetate,  10  mM  sodium  phosphate,  10  mM  bistrispropane,  appearance  of  cells  with  hypodiploid  DNA  content  suggested  that 

1  mM  DTT  and  PMSF  adjusted  to  pH  5.0,  7.0  or  8.0  (Eastman,  OCT  induces  rapid  apoptosis  in  these  cells.  This  was  confirmed  by 


A 


DNA  DNA 


TIME(h)  0  2  24  0  2  24 

Figure  3  -  OCT  induced  apoptosis  in  MCF-7  cells  is  associated  with  induction  of  wt  p53  and  Bax  but  not  Bcl-2.  Cells  were  labeled  with  the 
respective  antibodies  alone  or  with  PI  and  analyzed  by  flow  cytometry  (n  =  4).  (a)  Isocontour  3-D  plots  illustrating  bivariate  analysis  of  cells 
dual-labeled  with  wt-specific  anti-p53  antibody  pAb  1801  and  PI.  Increased  labeling  of  p53  is  seen  in  all  phases  of  the  cell  cycle.  The  increase  in 
p53  immunofluorescence  averaged  7  ±  0.4-fold  in  4  separate  experiments.  During  OCT  treatment,  apoptotic  cells  appear  as  a  clearly  defined 
population  in  the  hypodiploid  region  by  2  hr  and  increase  in  number  as  well  as  p53  fluoresence  by  24  hr.  (b)  Bivariate  analysis  of  cells  dual-labeled 
with  anti-Bax  or  anti-Bcl-2  and  PI.  Selective,  time-dependent  increase  in  Bax  occurs  during  OCT  treatment,  whereas  Bcl-2  levels  remain 
unaffected.  As  in  the  case  of  wt  p53,  OCT-induced  increase  in  Bax  is  seen  in  all  phases  of  the  cell  cycle  and  ranged  3-  to  5-fold  in  4  separate 
experiments.  A  time-dependent  increase  in  Bax  is  also  seen  in  apoptotic  cells  in  the  region  designated  A0. 
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the  detection  of  oligonucleosome-sized  DNA  fragments  in  OCT- 
treated  cells  by  pulse  field  electrophoresis  (Fig.  1  a,  inset).  DNA 
fragmentation  was  detectable  by  2  hr  of  OCT  treatment,  increased 
with  time  and  became  massive  by  48  hr.  Another  characteristic 
feature  of  OCT-induced  apoptosis  was  the  progressive  shrinking  of 
the  nucleus  in  OCT-treated  cells  (24  and  48  hr  compared  to  control, 
Fig.  lb).  The  incidence  of  apoptosis  was  further  characterized  by 
the  presence  of  annexin  V-positive  cells  following  OCT  treatment 
(Fig.  lc,  lower  right  quadrant).  Following  OCT  treatment,  38.6  ± 
6.3%  of  the  cells  became  annexin  V  FITC-positive  (mean  ±  SE, 
n  =  4).  The  absence  of  cells  dual-labeled  with  both  annexin  and  PI 
suggests  that  OCT  does  not  induce  necrosis  in  these  cells.  Analysis 
of  cell-cycle  parameters  revealed  a  progressive,  time-dependent 
decrease  in  Go/Gj  and  an  increase  in  S  phase  in  cells  treated  with 
100  nM  OCT  (Fig.  Id).  A  marginal,  non-significant  decrease  in 
G2/M  was  seen  in  OCT-treated  cells.  The  Gj/S  ratio  in  the  control 
cells  was  16  ±  4  and  decreased  to  9.6  ±  2.1  by  2  hr  and  to  2.6  ± 
1.7  by  24  hr  (n  =  4).  Induction  of  apoptosis  in  a  24-hr  period  in 
these  cells  was  dependent  on  the  concentration  of  OCT  over  a  range 
of  0.1  to  100  nM  (Fig.  2). 

OCT-induced  apoptosis  was  associated  with  induction  of  wt  p53. 
This  is  illustrated  by  3-D  isocontour  plots  of  cells  dual-labeled  with 
PI  and  wt-specific  anti-p53  antibody  pAb  1801,  which  recognizes 
both  inactive  and  active  conformations  of  wt  p53.  In  Figure  3 a,  we 
compare  the  distribution  of  cells  relative  to  both  PI  and  p53 
labeling  at  0,  2  and  24  hr  of  incubation  with  100  nM  OCT. 
Increased  immunostaining  of  cellular  p53  is  seen  in  all  phases  of 
the  cell  cycle  (3  ±  1-  and  7  ±  1.9-fold  increase  in  fluorescence 
intensity  by  2  and  24  hr,  respectively,  n  =  4).  No  increase  in  p53 
was  detected  with  another  p53  antibody,  pAb  240,  which  reacts 
only  with  the  inactive  conformation  of  the  molecule,  as  previously 
demonstrated  in  CHO-K1  cells  expressing  hSSTR3  (Sharma  et  aL, 
1996;  details  not  shown). 

To  determine  if  OCT-induced  apoptosis  is  associated  with  an 
increase  in  Bax  and  or  suppression  of  Bcl-2,  cells  labeled  with  PI 
and  anti-Bax  or  anti-Bcl-2  antibodies  were  analyzed  by 
flow  cytometry.  Results  from  a  representative  experiment  de¬ 
picting  the  effect  of  OCT  treatment  are  shown  in  Figure  3b.  A 
rapid  induction  of  Bax  occurred  in  all  phases  of  the  cell  cycle,  as 
was  seen  in  the  case  of  wt  p53  (1.5  ±  0.4-fold  by  2  hr  and 
3  ±  0.7-fold  by  24  hr,  n  =  4).  By  contrast,  Bcl-2  levels  remained 
unaffected. 

We  then  investigated  the  nature  of  the  endonuclease  responsible 
for  triggering  OCT-induced  DNA  fragmentation.  Nuclear  protein 
extracts  were  prepared  from  MCF-7  cells  incubated  with  OCT  for 
24  hr,  and  the  endonuclease  activity  was  assayed  in  vitro  using 
DNA  extracted  from  control  MCF-7  cells  as  substrate  at  pH  5,  7 
and  8  in  the  absence  or  presence  of  Ca2+/Mg2+,  conditions  under 
which  various  endonucleases  associated  with  apoptosis  have  been 


shown  to  be  maximally  active  (Eastman,  1995).  As  illustrated  in 
Figure  4,  the  nuclear  protein  extracts  of  OCT-treated  cells  dis¬ 
played  selective  increases  in  the  endonuclease  active  at  pH  5.  As 
shown  in  this  figure,  the  activity  of  this  endonuclease  was  not 
influenced  by  the  addition  of  Ca2+/Mg2+.  By  contrast,  OCT  did  not 
induce  other  endonucleases  at  neutral  or  alkaline  pH  in  the  absence 
or  presence  of  Ca2+/Mg2+. 


DISCUSSION 

Our  present  results  demonstrate  that  OCT  inhibits  MCF-7 
cell  growth  by  inducing  apoptosis  and  provide  insight  into  the 
molecular  mediators  involved  in  its  cytotoxic  signaling  in  this  cell 
line.  We  have  characterized  OCT-induced  apoptosis  in  MCF-7  cells 
using  4  distinct  criteria:  appearance  of  population  of  cells  with 
hypodiploid  DNA  content  by  flow  cytometry,  selective  labeling  by 


Figure  4  -  OCT-induced  apoptosis  in  MCF-7  cells  involves  selective 
activation  of  cation-insensitive  acidic  endonuclease.  Endonuclease  activity 
in  nuclear  extracts  of  cells  treated  with  1 00  nM  OCT  for  24  hr  was  assayed  in 
vitro  using  DNA  extracted  from  control  cells  and  analyzed  by  electrophore¬ 
sis  on  1 .2%  agarose  gel  and  visualized  under  UV  light  following  staining 
with  ethidium  bromide.  Incubations  were  carried  out  using  nuclear  protein 
extracts  of  control  and  OCT-treated  cells  at  pH  5,  7  and  8  in  the  absence  or 
presence  of  Ca2+/Mg2+,  as  described  in  “Material  and  Methods.”  DNA 
digestion  occurred  only  at  pH  5.  This  endonuclease  activity  was  not 
influenced  by  the  presence  of  Ca2+  and  Mg2+.  By  contrast,  OCT  did  not 
induce  either  Ca2+/Mg2+-sensitive  or  Ca2+/Mg2+-insensitive  endonuclease 
activity  under  neutral  or  alkaline  conditions.  The  mobility  of  the  1-kb  DNA 
ladder  (Life  Technologies,  Gaithersburg,  MD)  is  shown  in  lane  1.  Data 
representative  of  4  different  experiments. 


Figure  5  -  OCT  does  not  induce  p21,  pRb  and  c-Myc  in  MCF-7  cells.  Following  treatment  with  100  nM  peptide  for  the  indicated  times,  cells 
were  labeled  with  the  respective  antibodies  and  analyzed  by  flow  cytometry.  Data  representative  of  3  experiments. 
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annexin  V  but  not  PI  in  apoptotic  cells,  nuclear  shrinking  by 
morphological  criteria  and  the  presence  of  oligonucleosomal  DNA 
fragments  by  electrophoresis.  The  absence  of  significantly  high 
labeling  of  both  annexin  and  PI  suggests  that  OCT  does  not  trigger 
events  resulting  in  necrosis  in  MCF-7  cells.  The  cytotoxic  signaling 
initiated  by  OCT  is  associated  with  the  induction  of  wt  p53  and 
Bax. 

Several  constitutive  DNA-digesting  enzymes  (endonucleases) 
have  been  implicated  in  the  DNA  fragmentation  associated 
with  apoptosis.  These  include  several  Ca2+/Mg2+-dependent 
endonucleases,  including  DNAse  I,  Nuc  18  and  endonuclease  I 
(which  possess  an  alkaline  pH  optimum),  DNAse  y  (which 
has  a  neutral  pH  optimum)  and  an  acidic  endonuclease  (active  in 
the  pH  range  of  6  to  7.5)  (Walker  and  Sikorska  1994).  In  addition,  a 
Ca2+/Mg2+-insensitive  endonuclease  which  has  a  pH  opti¬ 
mum  of  5  (endonuclease  II)  induces  DNA  degradation  (Barry  and 
Eastman,  1993;  Eastman,  1995).  By  examining  the  in  vitro 
endonuclease  activity  in  the  nuclear  extracts  of  OCT-treated  cells  in 
the  absence  or  presence  of  Ca2+/Mg2+  under  different  pH 
conditions,  we  demonstrate  that  OCT  activates  a  pH-dependent, 
Ca2+/Mg2+-insensitive  endonuclease  which  appears  to  be  similar 
to  endonuclease  II  (Barry  and  Eastman,  1993;  Eastman,  1995). 

The  decrease  in  the  G,/S  ratio  during  OCT  treatment  sug¬ 
gests,  but  does  not  prove,  that  OCT-induced  apoptosis  occurs 
in  the  absence  of  G]  cell-cycle  arrest.  This  is  in  agreement 
with  the  findings  that  p53-signaled  apoptosis  occurs  in  the 
absence  of  G!  arrest  (Adachi  et  al ,  1995).  Such  a  failure  can  be  due 
to  a  lack  of  induction  of  pRb  and/or  p21,  which  have  been 
implicated  in  the  induction  of  Gj  arrest  or  a  lack  of  c-Myc,  which 
can  abrogate  p53-induced  Gi  arrest  (Hermeking  et  al.,  1995).  No 
increase  in  p21,  pRb  or  c-Myc  was  observed  at  2  and  24  hr  of  OCT 
treatment  (Fig.  5).  In  fact,  the  fluorescence  intensity  of  immunola- 
beled  p21  was  found  to  decrease  marginally  in  cells  pre¬ 
treated  with  OCT.  Neither  the  peak  size  nor  the  fluorescence 
intensity  of  c-Myc  was  affected  by  OCT.  The  lack  of  induction  of 
p21  by  OCT  is  consistent  with  its  ability  to  induce  wt  p53  and 
apoptosis  but  not  Gi  arrest.  In  fact,  p21  is  induced  only  during 
p53-signaled  Gi  arrest  and  is  capable  of  protecting  against  p53- 
induced  apoptosis  (Chiarugi  et  al.,  1994;  Gorospe  et  al.,  1997).  No 
increase  in  G2/M  was  observed  in  OCT-treated  cells,  a  finding 
which  contradicts  a  previous  claim  that  it  inhibits  proliferation  of 
MCF-7  cells  by  inducing  a  transient  G2/M  arrest  (Pagliacci  et  al, 
1991).  These  authors  failed  to  substantiate  their  speculation  that 
OCT-induced  G2/M  arrest  culminates  in  apoptosis  (Pagliacci  et  al, 
1991). 

We  have  shown  that  cytotoxic  signaling  of  SST  is  receptor 
subtype-selective  and  is  transduced  uniquely  through  hSSTR3, 
leading  to  induction  of  wt  p53,  Bax  and  apoptosis  in  the  absence  of 
cell-cycle  arrest  (Sharma  et  al,  1996).  The  other  hSSTR  subtypes 
signal  in  a  different  pathway,  leading  to  induction  of  p53- 
independent  Gi  arrest  (Sharma  et  al,  1997).  This  suggests  that 
hSSTR3  may  be  the  subtype  which  participates  in  the  cytotoxic 
signaling  in  MCF-7  cells.  However,  such  a  conclusion  is  not 
supported  by  the  reported  absence  of  SSTR3  mRNA  in  MCF-7 
cells  (Xu  et  al,  1996).  We  are  currently  analyzing  the  expression 
pattern  of  SSTRs  in  MCF-7  cells  at  both  the  mRNA  and  protein 
levels  in  order  to  resolve  this  discrepancy.  It  is  of  interest  in  this 
connection  that  significant  expression  of  hSSTR3  was  observed  at 
the  mRNA  level  in  a  screening  of  46  malignant  and  9  non- 
malignant  human  breast  carcinoma  samples,  the  relative  expression 
of  the  subtypes  being  hSSTR2  >  hSSTR3  =  hSSTRl  >  hSSTR4 
(Vikic-Topic  et  al,  1995). 

Adenovirus-based  transfer  of  wt  p53  sensitizes  ovarian  tumor 
radiation-induced  apoptosis  (Gallardo  et  al,  1996).  Over¬ 
expression  of  Bax  can  also  sensitize  tumor  cells  to  radiation 
as  well  as  chemotherapy-induced  apoptosis  (Sakakura  et  al, 


OCT  +  + 
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Figure  6  -  Orthovanadate  inhibits  induction  of  wt  p53  and 
Bax  by  OCT  in  MCF-7  cells.  Cells  were  incubated  for  24  hr  with 
100  nM  OCT  in  the  absence  or  presence  of  50  pM  orthovanadate 
(OV).  Fluorescence  intensity  of  cells  labeled  with  anti  p53  (pAb 
1801)  and  anti-Bax  (P-19)  was  determined  by  flow  cytometry  and 
expressed  as  fold  change  compared  to  the  control  values  taken  as  1 
(n  =  3). 


1996;  Wagner  et  al,  1996).  OCT  induction  of  wt  p53  and 
Bax  should  sensitize  the  responsiveness  of  these  tumor  cells  to 
radiation  and/or  chemotherapy.  Derivatives  of  OCT  labeled  with 
radionuclides  such  as  mIn  and  "Tc  have  been  developed  with  a 
view  to,  not  only  label  SSTR-positive  tumors  for  diagnostic 
purposes,  but  also  exploit  the  a  or  (3  emission  from  the  tagged 
radionuclides  at  the  tumor  site  for  localized  radiotherapy  (Krenning 
et  al,  1992;  Pearson  et  al,  1996).  Internalization  of  SSTR-bound 
[125I-Tyr3]  OCT  has  been  demonstrated  in  tumor  cells  (Holland  et 
al,  1995).  Therefore,  the  a-  or  ^-emitting  OCT-tagged  radionu- 
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elides  should  elicit  maximal  cytotoxic  response  due  not  only  to  the 
triggering  of  apoptosis  via  induction  of  wt  p53  and  Bax  by 
receptor-mediated  signaling  but  also  to  the  radiation  induced 
damage  following  internalization.  We  predict  that  treatment  with 
SST  analogs  alone  or  in  combination  with  radiation  and/or 
chemotherapy  will  be  most  effective  in  treating  wt  p53-  and 
SSTR-expressing  tumors  not  only  of  the  breast  but  also  of  other 
organs. 

We  have  shown  that  recruitment  of  the  phosphotyrosine  phospha¬ 
tase  (PTP)  SHP1  (also  called  PTP1C/HCP/SHPTP1/SHP)  to  the 
cell  membrane  and  not  direct  activation  of  membrane-associated 
PTP  is  an  early  event  in  OCT-induced  anti-proliferative  signaling  in 
MCF-7  cells  (Srikant  and  Shen,  1996).  Orthovanadate,  which 
inhibits  PTP,  blocks  the  ability  of  OCT  to  induce  wt  p53  and  Bax  in 
these  cells  (Fig.  6).  The  cytotoxic  response  to  OCT  treatment 
occurs  faster  in  MCF-7  cells  than  in  CHO-K1  cells,  as  reported 
earlier  (Sharma  et  al,  1996).  This  may  be  due  to  greater  abundance 
of  SHP1  in  MCF-7  cells  compared  to  CHO-K1  cells  (data  not 
shown).  SST  regulation  of  PTP  is  reported  to  occur  via  SSTRs  1, 2, 
3  and  4  (Florio  et  al ,  1994,  1996;  Buscail  et  al,  1995;  Reardon  et 
al,  1996).  The  fact  that  OCT  does  not  bind  to  SSTRs  1  and  4 
coupled  with  the  fact  that  it  signals  apoptosis  through  hSSTR3,  but 
not  hSSTRs  2  and  5,  raises  the  possibility  that  SHP1 -mediated 
signaling  may  be  SSTR3 -selective.  Such  selectivity  and  the 
mechanistic  sequence  of  events  involved  in  hSSTR- mediated, 
dephosphorylation-dependent  activation  of  p53  remain  to  be  eluci¬ 
dated. 


The  cytotoxic  action  of  OCT  in  MCF-7  cells  contrasts 
with  its  reported  cytostatic  action  in  GH3  rat  pituitary  tumor 
cells,  in  which  it  was  observed  to  induce  a  transient  Gq/G] 
cell-cycle  block  (Cheung  and  Boyages,  1995).  Failure  of  SST  to 
signal  apoptosis  in  this  cell  line  may  be  due  to  an  in-activating 
mutation  in  p53  which  renders  the  molecule  incapable  of  attaining 
wt  conformation  or,  alternatively,  to  a  lack  of  PTP  necessary  for 
initiating  SSTR-mediated  apoptotic  signals. 

In  summary,  our  present  findings  demonstrate  that  SSTR- 
signaled  cytotoxic  effects  in  MCF-7  cells  involve  induction  of  wt 
p53  and  Bax  and  activation  of  a  cation-insensitive,  acidic  endonucle¬ 
ase,  leading  to  apoptosis. 
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NOTE  ADDED  IN  PROOF: 

Subsequent  to  submission  of  this  manuscript  we  have  reported 
the  activation  of  a  cation  insensitive  acdic  endonuclease  by  OCT  in 
CHO-K1  cells  expressing  hSSTR3  (Sharma  and  Srikant,  1998). 
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Apoptosis  associated  oligonucleosomal  fragmenta¬ 
tion  of  DNA  can  result  from  the  activation  of  endonu¬ 
cleases  that  exhibit  different  pH  optima  and  are  either 
sensitive  or  insensitive  to  divalent  cations.  DNA  frag¬ 
mentation  due  to  activation  of  cation  sensitive  endo¬ 
nucleases  occurs  in  the  absence  of  a  change  in  intracel¬ 
lular  pH  whereas  intracellular  acidification  is  a  fea¬ 
ture  of  apoptosis  characterized  by  activation  of  cation 
insensitive  acidic  endonuclease.  We  have  reported  ear¬ 
lier  that  somatostatin  (SST)  induced  DNA  fragmenta- 
taion  and  apoptosis  is  signaled  in  a  receptor  subtype 
selective  manner  uniquely  via  human  somatostatin  re¬ 
ceptor  subtype  3  (hSSTR3).  In  the  present  study  we 
investigated  the  pH  dependence  and  cation  sensitivity 
of  endonuclease  induced  in  hSSTR3  expressing  CHO- 
K1  cells  by  the  SST  agonist  octreotide  (OCT)  and  its 
effect  on  intracellular  pH.  We  show  that  OCT  induced 
apoptosis  is  associated  with  selective  stimulation  of  a 
divalent  cation  insensitive  acidic  endonuclease.  The 
intracellular  pH  of  of  cells  undergoing  OCT  induced 
apoptosis  was  0.9  pH  units  lower  than  that  of  control 
cells.  The  effect  of  OCT  on  endonuclease  and  pH  was 
inhibited  by  orthovanadate  as  well  as  by  pre treatment 
with  pertussis  toxin,  suggesting  that  hSSTR3  initiated 
cytotoxic  signaling  is  protein  tyrosine  phosphatase 
mediated  and  is  G  protein  dependent.  These  findings 
suggest  that  intracellular  acidification  and  activation 
of  acidic  endonuclease  mediate  wild  type  p53  associ¬ 
ated  apoptosis  signaled  by  hormones  acting  via  G  pro¬ 
tein  coupled  receptors.  ©  1998  Academic  Press 


Apoptosis  constitutes  a  specific  form  of  cell  death 
characterized  by  cell  shrinking,  chromatin  condensa- 
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tion  and  intranucleosomal  digestion  of  genomic  DNA 
(1).  In  apoptotic  cells  DNA  fragmentation  results  from 
the  action  of  DNA  digesting  enzymes  (endonucleases) 
whose  activity  is  modulated  by  molecular  regulators  of 
apoptosis  including  p53  and  Bax  (2).  Two  distinct  sets 
of  constitutive  endonucleases  which  exhbit  distinct  pH 
optima  under  in  vitro  conditions  have  been  implicated 
in  this  process.  These  include  several  Ca2+  and/or  Mg2+ 
dependent  endonucleases  including  DNAse  I,  Nucl8 
and  endonuclease  I  which  possess  an  alkaline  pH  opti¬ 
mum,  DNAse  y  which  has  a  neutral  pH  optimum,  and 
an  acidic  endonuclease  that  is  active  in  the  pH  range 
of  6-7.5  (3-7).  In  addition,  a  Ca2+/M g2+  insensitive  en- 
donulcease  (DNAse  II)  which  has  a  pH  optimum  of  5 
has  also  been  shown  to  induce  DNA  degradation  (8,9). 
Cation  sensitive  endonuclease  mediated  DNA  fragmen¬ 
tation  leads  to  cell  death  in  the  absence  of  a  change  in 
intracellular  pH.  By  contrast,  in  several  cell  types  in 
which  DNA  fragmentation  is  caused  by  the  activation 
of  a  pH  dependent  endonuclease,  apoptosis  is  associ¬ 
ated  with  intracellular  acidification  (7,9-11). 

Somatostatin  (SST1),  a  G  protein  coupled  receptor 
agonist,  exerts  cytotoxic  effect  triggering  apoptosis  as 
has  been  shown  in  tumor  cells  (12).  Although  SST  acts 
via  a  family  of  five  distinct  human  (h)  SST  receptor 
(SSTR)  subtypes,  cytotoxic  signaling  is  transduced 
uniquely  through  hSSTR  subtype  3  (13).  We  have 
shown  that  hSSTR3  signaled  apoptosis  in  CHO-K1 
cells  is  characterized  by  the  appearance  of  oligonucleo¬ 
somal  DNA  and  is  associated  with  the  induction  of  the 
tumor  suppressor  protein  wild  type  (wt)  p53  and  Bax 
(13).  In  order  to  determine  which  of  the  endonuelease(s) 
is/are  activated  during  hSSTR3  mediated  apoptosis 
and  whether  this  is  associated  with  intracellular  acidi¬ 
fication  we  investigated  the  effect  of  treatment  with 
the  somatostatin  (SST)  analog  octreotide  (OCT)  on  the 
endonuclease  activity  and  intracellular  pH  in  CHO-K1 
cells  stably  transfected  with  hSSTR3.  We  report  here 
that  hSSTR3  signaled  apoptosis  in  CHO-K1  cells  is 
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due  to  selective  activation  of  a  pH  dependent,  cation 
insensitive  endonuclease  which  occurs  concomitantly 
with  intracellular  acidification. 

MATERIALS  AND  METHODS 

Materials .  The  SST  analog  SMS  201-995  (octreotide,  OCT)  was 
obtained  from  Sandoz  Pharma  (Basel,  Switzerland).  D-Trp8  SST- 
14  was  purchased  from  Bachem  (Torrance,  CA).  Reagents  required 
for  cellular  staining  and  flow  cytometry  were  procured  from  the 
following  sources:  Propidium  iodide  (PI)  from  ICN  Pharmaceuti¬ 
cals  (Costa  Mesa,  CA),  Hoechst  33342  from  Calbiochem  (San 
Diego,  CA)  and,  carboxy  SNARF-1  and  its  cell  permeant  derivative 
aminomethyl  ester  from  Molecular  Probes  (Eugene,  OR).  All  other 
reagents  were  obtained  from  local  commercial  sources  and  were 
of  analytical  quality. 

Cell  lines.  Establishment  and  characterization  of  CHO-K1  cell 
lines  stably  expressing  individual  hSSTR  subtypes  have  been  de¬ 
tailed  elsewhere  (13,14).  Cells  were  grown  in  T75  flasks  in  Hams 
F-12  medium  containing  5%  fetal  calf  serum  and  400  U/ml  G-418 
and  cultured  for  3-5  days  at  37°C  in  a  humidified  atmosphere  with 
5%  C02. 

Preparation  of  nuclear  protein  extract  and  determination  of  endo¬ 
nuclease  activity.  Nuclear  protein  extract  was  prepared  according 
to  Eastman  (9)  from  CHO-K1  cells  expressing  individual  hSSTR  sub- 
types  pre-incubated  with  100  nM  peptides  for  24  h.  Briefly,  2  X  106 
cells  were  resuspended  and  allowed  to  swell  for  20  min  on  ice  in 
buffer  20  mM  Hepes-KOH  buffer,  pH  7.4  containing  0.75  mM  spermi¬ 
dine,  0.15  mM  spermine,  0.1  mM  EDTA  and,  1  mM  each  of  DTT  and 
phenylmethylsulfonyl  fluoride  (HSSE  buffer).  Cells  were  homoge¬ 
nized  after  adding  sucrose  to  a  final  concentration  of  0.5  M.  This 
mixture  was  centrifuged  for  10  min  at  150  g,  and  the  pellet  was 
resuspended  in  0.75  ml  of  the  buffer  containing  0.5  M  sucrose,  lay¬ 
ered  on  1.5  M  suerose/HSSE  buffer  and  centrifuged  for  20  min  at 
13,000  g.  The  nuclei  were  then  resuspended  in  a  buffer  containing 
10  mM  sodium  acetate,  10  mM  sodium  phosphate,  10  mM  bistris- 
propane,  1  mM  DTT,  1  mM  phenylmethylsulfonyl  fluoride  (APB 
buffer)  and  recentrifuged  to  remove  residual  spermine  and  spermi¬ 
dine.  Nuclear  protein  extracts  were  prepared  by  resuspending  the 
nuclei  in  APB  buffer  (pH  7)  containing  0.5  M  NaCl.  After  1  h  incuba- 
tuion  on  ice,  the  precipitated  DNA  was  pelleted  by  centrifugation  at 
14,000  g  for  10  min  and  the  supernatant  recovered. 

The  endonuclease  assay  was  performed  by  incubating  100  ng  of 
genomic  DNA  prepared  from  untransfected  CHO-K1  cells  as  de¬ 
scribed  previously  (13)  with  10  pg  of  nuclear  protein  extract  in  APB 
buffer  adjusted  to  pH  5,  7  or  8  in  the  absence  or  presence  of  10  mM 
Ca2+/Mg2+.  The  mixtures  were  incubated  at  37°  C  for  30  min  and 
electrophoresed  on  a  1.2%  agarose  gel  (w/v)  containing  ethidium  bro¬ 
mide  and  visualized  under  UV  light. 

Measurement  of  intracellular  pH  and  apoptosis.  Intracellular  pH 
measurements  were  performed  in  cells  preloaded  with  carboxy- 
SNARF-1  AM  according  to  Barry  et  al.  (7).  hSSTR3  expressing  cells 
were  loaded  with  10  pM  acetoxymethylester  derivative  of  SNARF-1 
for  during  the  final  hour  of  the  24  h  incubation  in  the  absence  or 
presence  of  100  nM  OCT  at  37°C.  The  cells  were  then  scraped,  washed 
and  resuspended  in  2  ml  of  fresh  medium  and  incubated  for  1  min 
at  37°C  with  1  pg/ml  Hoechst  33342,  a  DNA  binding  dye  which  is 
taken  up  preferentially  by  apoptotic  cells  due  to  their  altered  mem¬ 
brane  permeability  (16).  Cells  were  maintained  at  37°C  in  a  Becton- 
Dickinson  FACStar  Vantage  cytometer.  Hoechst  33342  was  excited 
at  355  nm  and  its  emission  was  measured  at  440  nm.  Intracellular 
carboxy  SNARF-1  was  excited  at  488  nm  and  emission  was  recorded 
at  both  580  and  640  nm  with  5  nm  band  pass  filters  with  linear 
amplifiers.  The  ratio  of  the  emissions  at  these  wavelengths  was  elec¬ 
tronically  calculated  and  used  as  a  parameter  indicative  of  intracellu¬ 
lar  pH.  The  intracellular  pH  values  in  control  and  treated  cells  were 
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FIG.  1.  Endonuclease  activity  in  nuclear  protein  extracts  of  ex¬ 
pressing  hSSTR3  CHO-K1  cells  incubated  in  the  absence  or  presence 
of  100  nM  OCT  for  24  h  was  measured  in  vitro  using  the  genomic 
DNA  prepared  from  control  CHO-K1.  Following  incubation  for  15 
min  at  37C  at  pH  5,7  and  8  in  the  absence  or  presence  of  Ca2+  and 
Mg2+  as  described  under  Methods,  the  samples  were  electrophoresed 
on  1.2%  agarose  gel,  stained  with  ethidium  bromide  and  visualized 
under  UV  light.  Digestion  of  the  DNA  was  observed  only  with  nuclear 
protein  extracts  of  OCT  treated  cells  during  incubation  at  pH  5  (lanes 
2  and  4)  but  not  in  untreated  cells  (lanes  1  and  3).  This  enzyme 
activity  was  insenitive  to  divalent  cations  (compare  lanes  2  and  4).  By 
contrast,  OCT  did  not  induce  Ca2+  and  Mg2+  sensitive  or  insensitive 
endonucleases  at  pH  7  (lanes  5-8)  or  8  (lanes  9-12).  Data  represen¬ 
tative  of  4  separate  experiments. 


estimated  by  comparison  of  the  mean  ratios  of  the  samples  to  a 
calibration  curve  of  intracellular  pH  generated  by  incubation  of  car- 
boxy-SNARF-1  loaded  hSSTR3  expressing  CHO-K1  cells  in  buffers 
ranging  in  pH  from  8.0  to  6.25  and  containing  the  proton  ionophore 
nigericin.  Data  was  analyzed  using  the  WinList  software  (Verity 
Software  Inc.,  Topsham,  ME).  Cells  with  fluorescence  of  <50  units 
were  excluded  in  the  calculation  of  the  ratio  of  the  emissions  at  580 
nm  and  640  nm. 

RESULTS 

Cytotoxic  signaling  of  SST  is  selectively  transduced 
through  hSSTR3  and  causes  apoptosis  characterized 
by  the  presence  of  oligonucleosome  sized  DNA  frag¬ 
ments.  In  the  present  study  we  demonstrate  that  the 
DNA  fragmentation  in  these  cells  is  due  to  selective 
activation  by  OCT  of  a  pH  sensitive  endonuclease 
which  is  active  under  acidic  conditions  (figure  1).  The 
activity  of  this  enzyme  was  not  sensitive  to  Ca2+/Mg2+ 
since  the  extent  of  DNA  digestion  did  not  increase  in 
the  presence  of  the  cations.  As  illustrated  in  this  figure, 
OCT  did  not  induce  endonucleases  exhibiting  neutral 
or  alkaline  pH  optima  either  in  the  absence  or  presence 
of  Ca2+/Mg2+.  This  endonuclease  was  not  active  at  or 
above  neutral  pH,  but  increased  as  the  pH  was  lowered 
progressively  over  a  range  of  6.7-  4.9  (figure  2).  Its 
activity  was  maximal  at  the  lowest  pH  tested.  Activa¬ 
tion  of  this  endonuclease  in  CHO-K1  cells  was  clearly 
hSSTR  subtype  selective  and  occurred  only  via  hSSTR3 
(figure  3). 
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FIG.  2.  Effect  of  pH  on  the  activity  of  OCT  induced  acidic  endonu¬ 
clease.  In  vitro  enzyme  activity  in  nuclear  protein  extracts  of  OCT 
treated  cells  was  measured  in  buffers  ranging  in  pH  from  7  to  5. 
Maximum  activity  was  observed  at  the  lowest  pH  tested.  Data  repre¬ 
sentative  of  2  separate  experiments. 


In  cells  expressing  hSSTR3,  OCT  induced  pH  de¬ 
pendent  endonuclese  activity  increased  in  a  time  de¬ 
pendent  manner.  When  tested  for  its  ability  digest 
DNA  in  vitro,  its  activity  was  detectable  after  1  h 
during  OCT  treatment  (figure  4A).  This  is  evident 
from  the  decrease  in  the  intensity  of  the  labeling  of 
intact  DNA  (which  remains  close  to  the  origin,  lane 
2),  the  marked  increase  in  the  intesntiy  of  the  di¬ 
gested  DNA  fragments  at  4  h  (lane  3)  followed  by 


hSSTR  1  2  3  4  5 


FIG.  3.  Subtype  selectivity  of  hSSTR  signaled  activation  of  endo¬ 
nuclease  II.  Cells  were  incubated  in  the  absence  or  presence  of  100 
nM  OCT  (hSSTRs  2,3,5)  or  100  nM  D-Trp8  SST-14  (hSSTRs  1,4)  for 
24  h.  The  endonuclease  activity  in  nuclear  extracts  was  assessed  at 
pH  5.  Data  representative  of  4  separate  experiments. 
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FIG.  4.  Time  dependent  activation  of  acidic  endonuclease  by  OCT 
(100  nM)  in  CHO-K1  cells  expressing  hSSTR3.  A.  Representative 
agarose  gel  electrophoresis  demonstrating  the  time  dependent  de¬ 
crease  in  the  intensity  of  the  intact  DNA  indicated  by  the  arrow. 
Notice  also  that  he  intensity  of  ethidium  bromide  staining  of  DNA 
fragments  increases  initially  reaching  a  maximum  by  4  h,  but  de¬ 
creases  at  later  time  points.  B.  Time  dependent  activation  of  this 
endonuclease  by  OCT  was  quantitated  by  densitometric  measure¬ 
ment  of  intact  DNA  remaining  at  each  time  point  and  expressed  as 
a  percentage  of  the  DNA  in  untreated  cells  (time  0).  values  represent 
mean  ±  SE,  n=4. 


decrease  in  both  the  intact  and  fragmented  DNA  at 
longer  time  points  of  8  and  24  h  (lanes  4,5).  The  effect 
of  OCT  on  the  activity  of  this  enzyme  was  quantitated 
densitometrically  by  measuring  the  decrease  in  the 
intensity  of  the  labeling  of  the  intact  DNA.  The  de¬ 
crease  in  the  intensity  of  ethidium  bromide  statining 
of  the  intact  DNA  band  at  1  h  was  12  ±  6%  and 
was  88  ±  15  %  at  24  h  (figure  4B).  hSSTR3  signaled 
activation  of  this  endonuclease  by  OCT  was  depen¬ 
dent  on  its  concentration  over  a  range  of  0.1-100  nM 
(figure  5  A,B).  The  loss  of  intensity  of  the  intact  DNA 
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FIG.  5.  Dose-dependent  activation  of  acidic  endonuclease  by  OCT 
in  CHO-K1  cells  expressing  hSSTR3.  A.  Representative  agarose  gel 
electrophoresis  showing  the  concentration  dependent  activation  by 
OCT  of  the  endonuclease  activity  Arrow  indicates  the  intact  DNA. 
B.  The  intact  DNA  remaining  at  each  OCT  concentration  was  quanti¬ 
tated  densitometrically  and  expressed  as  a  percentage  of  intact  DNA 
in  untreated  cells.  Values  represent  mean  ±  SE,  n=4. 


ranged  from  20  ±  10  %  to  82  ±  15  %  respectively  in 
cells  treated  with  0.1  and  100  nM  OCT. 

The  above  finding  of  involvement  of  a  pH  dependent 
acidic  endonuclease  in  OCT  signaled  apoptosis  sug¬ 
gested  that  intracellular  acidification  may  underly  cy¬ 
totoxic  signaling  via  hSSTR3.  To  test  this,  we  mea¬ 
sured  the  intracellular  pH  using  the  dye  carboxy 
SNARF-1  in  cells  undergoing  OCT  induced  apoptosis. 
Apoptotic  cells  were  characterized  by  their  increased 
Hoechst  33342  fluorescence  following  24  h  treatment 
with  the  peptide  (figure  6A,  right  panel)  while  un¬ 
treated  control  cells  displayed  low  dye  uptake  (figure 
6A,  left  panel).  Apoptic  cells  exhibiting  increased 
Hoechst  33342  averaged  34  +5%  (n=3).  Intracellular 
pH  was  measured  by  analysing  the  carboxy-SNARF-1 


fluorescence  excited  at  488  nm  and  the  emission  re¬ 
corded  at  585  vs  640  nm  wavelengths.  The  data  is  pre¬ 
sented  as  a  two  dimensional  dot  plot  with  580  nm  fluo¬ 
rescence  on  the  abscissa  and  the  640  nm  fluorescence 
on  the  ordinate.  Control  cells,  not  treated  with  the  pep¬ 
tide,  were  found  distributed  along  a  single  line  out  of 
the  origin  (figure  6B,  left  panel).  Since  the  distance  of 
each  cell  from  the  origin  is  directly  proportional  to  the 
amount  of  carboxy-SNARF-1  loading,  these  cells  pos¬ 
sess  the  same  intracellular  pH.  By  contrast,  OCT  treat¬ 
ment  led  to  the  appearance  of  a  distinct  population  of 
cells  with  a  increased  fluorescence  at  580  nm  and  shift¬ 
ing  to  the  right  indicative  of  lower  intracellular  pH 
(figure  6B,  right  panel).  The  decrease  in  pH  in  these 
cells  was  determined  by  comparing  the  ratio  of  emis¬ 
sions  at  these  wavelengths  against  a  standard  curve 
generated  from  the  emission  ratios  at  580  and  640  nm 
in  carboxy-SNARF-1  loaded  cells  which  were  incubated 
in  buffers  ranging  in  pH  from  6.25  -  8.0  in  the  presence 
of  the  proton  ionophore  nigericin.  The  recordings  ob¬ 
tained  in  cells  incubated  at  buffers  at  pH  8  and  6.25 
containing  nigericin  are  compared  in  figure  6C  (left 
panel).  A  calibration  curve  was  generated  from  the  ra¬ 
tios  of  emissions  at  580  nm  and  640  nm  obtained  in 
the  different  buffers  containing  nigericin  (figure  7C, 
right  panel).  The  intracellular  pH  was  6.5  ±  0.2  in  OCT 
treated  cells  compared  to  7.2  ±  0.1  in  untreated,  control 
cells  (n=3)  (figure  7).  The  intracellular  pH  was  6.3  ± 
0.16  in  cells  exhibiting  increased  Hoechst  33342  fluo¬ 
rescence.  The  apoptic  cells  were  thus  even  more  acidic. 
OCT  induced  decrease  in  cellular  pH  as  well  as  the 
induction  of  the  acidic  endonuclease  was  inhibited  by 
orthovanadate  and  abolished  by  pertussis  toxin  pre¬ 
treatment  (details  not  shown).  In  cells  expressing  other 
hSSTRs  which  did  not  signal  apoptosis  nor  stimulate 
endonuclease  activity,  no  change  in  intracellular  pH 
occurred  during  agonist  treatment. 

DISCUSSION 

In  the  present  study,  we  demonstrate  that  hSSTR3 
mediated  cytotoxic  signaling  is  associated  with  selec¬ 
tive  activation  of  a  pH  dependent  endonuclease.  This 
novel  finding  indicates  that  the  endonuclease  respon¬ 
sive  to  OCT  is  active  under  acidic  conditions  and  is 
Ca2+/Mg2+  insensitive.  This  enzyme  thus  appears  to  be 
similar  to  DNAse  II  previously  implicated  in  CHO  cell 
apoptosis  induced  by  a  variety  of  cytotoxic  drugs  (7- 
9).  OCT  did  not  induce  cation  sensitive  endonucleases 
that  are  known  to  be  active  at  neutral  or  alkaline  pH 
and  implicated  in  other  models  of  apoptosis  (3-6). 

Activation  of  a  pH  dependent,  cation  insensitive  en¬ 
donuclease  during  hSSTR3  signaled  apoptosis  sug¬ 
gested  that  intracellular  acidification  may  be  an  under¬ 
lying  cause.  Using  carboxy-SNARF-1  we  demonstrate 
that  OCT  induced  apoptosis  is  indeed  associated  with 
intracellular  acidification.  Such  acidification  was  lim- 
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FIG.  7.  OCT  induced  decrease  in  intracellular  pH  was  greater 
in  apoptotic  (Hoechst  33342  positive)  cells  (6.3  ±  0.1)  compared  to 
the  treated  cells  taken  as  a  whole  (6.5  ±  0.2).  The  pH  of  untreated 
cells  was  7.2  ±  0.1.  (mean  ±  SE,  n=3) 


ited  to  the  cells  that  became  Hoechst  33342  positive. 
This  suggests  that  intracellular  pH  decrease  may  occur 
only  in  cells  undergoing  apoptosis  induced  by  OCT. 
This  is  similar  to  the  decrease  in  intracellular  pH  ob¬ 
served  in  other  models  of  apoptosis  involving  activation 
of  acidic  endonuclease  (7,10,11).  The  pH  in  these  cells 
averaged  6.6  ±  0.2,  a  pH  at  which  the  endonuclease 
activity  is  detectable,  but  not  maximal,  under  in  vitro 
conditions  (figure  2).  We  have  shown  earlier  that  Bax 
but  not  Bcl-2  is  induced  during  hSSTR3  signaled 
apoptosis  (13).  Bax  as  well  as  Bcl-2  can  form  pH-depen- 
dent  channels  but  the  intrinsic  properties  of  channels 
formed  by  these  proteins  differ  with  respect  to  pH 
(16,17).  In  planar  bilipid  layers,  Bax  can  form  pH  and 
voltage  dependent  ion-conducting  channels  at  neutral 
and  acidic  pH  whereas  Bcl-2  is  effective  only  at  a  pH 
<5.0  (17).  The  selective  activation  of  Bax  by  OCT  via 
hSSTR3  may  therefore  account,  in  part,  for  the  de¬ 
crease  in  intracellular  pH  in  these  cells.  Additional 


mechanisms  involving  Na+  /H+  antiporter  and  H+-AT- 
Pase  can  also  trigger  cellular  acidification  For  instance, 
in  HeLa  cells  and  in  murine  hematopoeitic  cells,  inhibi¬ 
tion  of  Na+  /H+  antiporter  activity  has  been  shown  to 
decrease  intracellular  pH  and  activate  acidic  endonu¬ 
clease  (18,19).  Furthermore,  pharmacological  induc¬ 
tion  of  Na+/H+  antiporter  can  prevent  acidification  and 
endonuclease  activation  (19).  The  potential  involve¬ 
ment  of  Na+/H+  antiporter  in  hSSTR3  initiated  cyto¬ 
toxic  signaling  needs  to  be  assessed. 

The  present  findings  constitute,  to  our  knowledge, 
the  first  instance  of  a  G  protein  coupled  receptor  ago¬ 
nist  induced  intracellular  acidification  and  activation 
of  an  acidic  endonuclease  leading  to  apoptosis  Further¬ 
more,  the  cytotoxic  effect  is  uniquely  signaled  via  a 
single  SSTR  subtype,  namely  hSSTR3.  Both  PTx  pre¬ 
treatment  and  orthovanadate  abolished  OCT  induced 
pH  decrease  and  activation  of  the  acidic  endonuclease. 
Another  G  protein  coupled  receptor  AT2R  has  recently 
been  reported  to  initiate  apoptosis  in  neonatal  ventric¬ 
ular  myocytes  (20).  Angiotensin  II  acting  via  AT2R  ap¬ 
pears  to  signal  in  a  different  manner  in  ventricular 
myocytes  by  elevating  intracellular  Ca2+  and  activating 
a  calcium  dependent  endonuclease,  but  not  intracellu¬ 
lar  acidification  (20). 

In  CHO-K1  cells  expressing  the  other  four  hSSTRs 
agonist  treatment  did  not  alter  intracellular  pH.  Addi¬ 
tionally,  no  induction  of  endonuclease  activity  was  ob¬ 
served  in  these  cells  during  agonist  treatment  (details 
not  shown).  This  is  in  accord  with  our  earlier  finding 
that  these  hSSTRs  are  incapable  of  eliciting  a  cytotoxic 
response,  although  agonist  treatment  inhibits  cell 
growth  via  other  human  SSTR  subtypes  (13,21).  How 
can  hSSTR3  but  not  the  other  hSSTR  subtypes  trans¬ 
duce  cytotoxic  signaling?  The  five  hSSTRs  exhibit  most 
homology  in  the  transmembrane  domains  (55-70%  se¬ 
quence  identity)  and  share  considerable  sequence  iden¬ 
tity  (38-54%)  in  regions  comprising  the  second  and 
third  intracellular  loops,  the  putative  G  protein  binding 
region  in  G  protein  coupled  receptors  (22).  The  cyto¬ 
plasmic  tail  (C-tail)  sequence  of  hSSTR3  however  dif¬ 
fers  markedly  from  that  of  the  four  other  subtypes  (12- 
18%  sequence  identity,  reviewed  in  23)  suggesting  that 
the  C-tail  of  hSSTR3  may  be  the  functional  domain 


FIG.  6.  hSSTR3  signaled  apoptosis  in  CHO-K1  cells  is  associated  with  intracellular  acidification.  A.  Apoptotic  cells  were  identified  by 
their  increase  uptake  of  Hoechst  33342.  In  control  cells  there  is  minimal  uptake  of  the  dye  as  indicated  by  the  low  fluorescence  (left  panel) 
whereas  40%  of  the  cells  become  apoptotic  following  24  h  treatment  with  100  nM  OCT  and  display  >10  fold  higher  Hoechst  33342  fluorescence 
(right  panel,  upper  quadrant).  B.  Effect  of  OCT  on  carboxy-SNARF-1  fluorescence.  Following  incubation  in  the  absence  or  presence  of  100 
nM  OCT  for  24  h,  cells  were  loaded  with  carboxy-SNARF-1  and  cells  were  excited  at  488  nm  and  fluorescence  measured  at  585  and  640 
nm  in  a  Becton-Dickinson  Vantage  Plus  flow  cytometer  as  described  under  Methods.  When  the  fluorescence  at  580  nm  is  plotted  against 
that  at  640  nm,  cells  distributed  along  the  same  line  out  of  the  axis  possess  the  same  pH  as  seen  in  untreated  cells  since  fluorescence 
intensity  of  the  cells  is  directly  proportional  to  the  dye  uptake  (left  panel).  Following  OCT  treatment,  ~40%  of  the  cells  display  an  increase 
in  fluorescence  at  580  nm  relative  to  the  fluorescence  at  640  nm  which  is  reflected  by  the  downward  shift  in  the  distribution  of  the  cells 
(right  panel).  C.  Generation  of  a  pH  calibration  curve.  Carboxy-SNARF-1  loaded  cells  were  incubated  in  the  presence  of  the  proton  ionophore 
nigericin  in  buffers  ranging  in  pH  from  6.25  -  8.  Representative  plots  of  cells  incubated  at  pH  8  and  6.25  are  shown  (left  panel).  A  pH 
calibration  curve  was  derived  from  the  ratios  of  the  emissions  at  585  and  640  nm  (right  panel).  The  intracellular  pH  of  CHO-K1  cells  was 
7.2  ±0.1  (n=3).  OCT  induced  acidification  was  reflected  by  the  decrease  in  pH  to  6.5  ±  0.2  (n=3),  a  loss  of  0.7  pH  units. 
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that  confers  specificity  for  apoptotic  signaling.  Studies 
to  test  this  directly  by  mutagenesis  are  currently  in 
progress. 

The  cytotoxic  signaling  via  hSSTR3,  which  leads  to 
intracellular  acidification,  activation  of  an  acidic  endo¬ 
nuclease  and  apoptosis,  is  PTx-sensitive  G  protein  me¬ 
diated.  Other  G  protein  coupled  receptors  such  as  the 
angiotensin  type  II  receptor  (AT2R)  and  dopaminargic 
D2  receptors  (D2R)  also  transduce  antiproliferative  sig¬ 
naling  in  PTx-sensitive  G  protein  dependent  manner 
(24,25).  PTx-sensitive  G  protein  dependent  induction 
of  apoptosis  has  also  been  observed  with  T  cell  and 
B  cell  receptors  (TCR  and  BCR)  which  interact  with 
distinct  antigens  and  initiate  cellular  responses  pri¬ 
marily  by  triggering  tyrosine  kinases  (26,27).  Addition¬ 
ally,  activation-induced  cell  death  mediated  through 
simultaneous  ligation  of  CD16/IL-2  receptor  in  human 
natural  killer  cells  is  prevented  by  PTx  pretreatment 
(28).  Only  the  negative  consequnces  of  TCR-mediated 
stimulation,  namely  apoptosis,  is  inhibited  by  PTx 
while  the  positive  consequences  including  calcium  mo¬ 
bilization,  lymphokine  secretion  and  proliferation  re¬ 
main  unaffected  (28,29).  Whether  these  receptors 
which  belong  to  different  receptor  family  interact  di¬ 
rectly  with  G  proteins  and  initiate  cytotoxic  signaling 
or  require  activation  of  a  G  protein  coupled  receptor 
during  cytotoxic  signaling  is  not  known.  In  this  context, 
it  is  of  interest  that  induction  of  a  putative  G  protein 
coupled  receptor  TDAG8  has  been  reported  to  be  associ¬ 
ated  with  T  cell  apoptosis  signaled  by  TCR  mediated 
activation  as  well  as  by  glucocorticoids  (30). 

In  summary,  the  present  findings  demonstrate  that 
SST  signaled  apoptosis  is  associated  with  the  activa¬ 
tion  of  an  acdic,  cation  insensitive  endonuclease  and 
intracellular  acidification.  These  events  are  signaled  in 
a  subtype  selective  manner  uniquely  via  hSSTR3. 
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We  have  investigated  the  role  of  the  cytoplasmic  tail 
(C-tail)  of  the  human  somatostatin  receptor  type  5 
(hSSTRS)  in  regulating  receptor  coupling  to  adenylyl 
cyclase  (AC)  and  in  mediating  agonist-dependent  desen¬ 
sitization  and  internalization  responses.  Mutant  recep¬ 
tors  with  progressive  C-tail  truncation  (A347,  A338, 
A328,  A318),  Cys320  ->  Ala  substitution  (to  block  palmi- 
toylation),  or  Tyr304  — »  Ala  substitution  of  a  putative 
NPXXY  internalization  motif  were  stably  expressed  in 
Chinese  hamster  ovary  K1  cells.  Except  for  the  Tyr304  — » 
Ala  mutant,  which  showed  no  binding,  all  other  mutant 
receptors  exhibited  binding  characteristics  ( Kd  and 
Bmax)  and  G  protein  coupling  comparable  with  wild  type 
(wt)  hSSTR5.  The  C-tail  truncation  mutants  displayed 
progressive  reduction  in  coupling  to  AC,  with  the  A3 18 
mutant  showing  complete  loss  of  effector  coupling.  Ag¬ 
onist  pretreatment  of  wt  hSSTRS  led  to  uncoupling  of 
AC  inhibition,  whereas  the  desensitization  response  of 
the  C-tail  deletion  mutants  was  variably  impaired.  Com¬ 
pared  with  internalization  (66%  at  60  min)  of  wt  hSSTRS, 
truncation  of  the  C-tail  to  318,  328,  and  338  residues 
reduced  receptor  internalization  to  46,  46,  and  23%,  re¬ 
spectively,  whereas  truncation  to  347  residues  slightly 
improved  internalization  (72%).  Mutation  of  Cys320  — > 
Ala  induced  a  reduction  in  AC  coupling,  desensitization, 
and  internalization.  These  studies  show  that  the  C-tail 
of  hSSTR5  serves  a  multifunctional  role  in  mediating 
effector  coupling,  desensitization,  and  internalization. 
Whereas  coupling  to  AC  is  dependent  on  the  length  of 
the  C-tail,  desensitization  and  internalization  require 
specific  structural  domains.  Furthermore,  internaliza¬ 
tion  is  regulated  through  both  positive  and  negative 
molecular  signals  in  the  C-tail  and  can  be  dissociated 
from  the  signaling  and  acute  desensitization  responses 
of  the  receptor. 
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The  neurohormone  somatostatin  (SST)1  is  synthesized 
widely  in  the  body  and  acts  as  a  potent  inhibitor  of  hormone 
and  exocrine  secretion  as  well  as  a  modulator  of  neurotrans¬ 
mission  and  cell  proliferation  (1).  These  actions  are  mediated 
by  a  family  of  five  G  protein-coupled  receptors  (GPCRs)  with 
seven  a  helical  transmembrane  segments  termed  SSTR1-5  (2). 
All  five  SSTRs  inhibit  adenylyl  cyclase.  Some  of  the  receptor 
isotypes  also  modulate  other  effectors  such  as  phosphotyrosine 
phosphatase,  K+  and  Ca2+  ion  channels,  a  Na  +/H  +  exchanger, 
phospholipase  C,  phospholipase  A2,  and  mitogen- activated  pro¬ 
tein  kinase  (2).  The  five  SSTRs  display  an  overlapping  pattern 
of  expression  throughout  the  brain  and  in  peripheral  organs  (2, 
3).  SSTR2  is  the  most  widely  expressed  isoform  (2,  3).  SSTR5  is 
the  predominant  subtype  in  the  pituitary  and  hypothalamus 
(2-5).  • 

An  important  property  of  many  GPCRs  is  their  ability  to 
regulate  their  responsiveness  in  the  presence  of  continued  ag¬ 
onist  exposure  (6).  Such  agonist- specific  regulation  by  GPCRs 
involves  a  series  of  discrete  cellular  steps  that  include  loss  of 
binding  affinity  and  signaling  capability  due  to  receptor  uncou¬ 
pling  from  G  proteins  (desensitization),  receptor  internaliza¬ 
tion,  and  receptor  degradation.  Like  other  GPCRs,  SSTRs  also 
appear  to  be  dynamically  regulated  at  the  membrane  by  ago¬ 
nist  treatment  (2).  For  instance,  during  pharmacotherapy  with 
SST  analogs  in  man,  the  acute  effects  on  pituitary  islet  and 
gastric  functions  subside  with  continued  exposure  to  the  pep¬ 
tide  due  to  the  development  of  tolerance  (7).  Agonist-dependent 
internalization  of  SSTRs  occurs  in  rat  pituitary  and  islet  cells 
and  in  AtT-20  cells  (8-10).  In  GH4CX  and  Rin  m5f  cells,  how¬ 
ever,  prolonged  agonist  treatment  up-regulates  SSTRs  (11, 12). 
These  differences  may  be  explained  by  differential  expression 
of  SSTR  subtypes  since  AtT-20  cells  express  predominantly  the 
SSTRS  subtype,  whereas  G^Cj  cells  are  rich  in  the  SSTR1 
isotype  (13,  14).  Furthermore,  because  pituitary  and  islet  cells 
or  their  tumor  cell  derivatives  express  multiple  SSTR  subtypes, 
it  is  difficult  to  determine  subtype-selective  responses  in  these 
systems  (4,  5,  19,  20).  To  circumvent  these  problems,  several 
recent  studies  have  characterized  agonist  regulation  of  individ¬ 
ual  SSTRs  using  subtype-selective  SST  analogs  or  cell  lines 
stably  transfected  with  SSTR  cDNAs  (10, 15-18).  These  studies 
have  shown  differential  internalization  of  SSTR2,3,4,  and  5  but 
not  of  SSTR1  (15-18). 


1  The  abbreviations  used  are:  SST,  somatostatin;  LTT  SST-28,  Leu8- 
D-Trp22-Tyr25  SST-28;  fluo-SST,  a-fluoresceinyl-[D-Trp8]  SST-14;  SSTR, 
somatostatin  receptor;  wt  hSSTRS,  wild  type  human  somatostatin  re¬ 
ceptor  type  5;  GPCR,  G  protein-coupled  receptor;  TM,  transmembrane 
domain;  C-tail,  cytoplasmic  carboxyl-terminal  segment;  PCR,  polymer¬ 
ase  chain  reaction;  CHO,  Chinese  hamster  ovary;  GTPyS,  guanosine 
5'-0-(thiotriphosphate). 
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Fig  1.  Schematic  depiction  of  the  putative  membrane  topology  of  hSSTR5  (363  residues,  left  panel)  and  the  Vllth  TM  and  e 
C-tail  ( right  panel)  amplified  to  show  the  structure  of  the  six  mutant  receptors  that  were  const™®ted‘ St°P  !fe320intr?^uce^ 

at  residues  318,  328,  338,  and  347  to  create  truncated  receptors  with  variable  length  C-tail  (A318,  A328,  A338,  and  A347).  The  Cys  residue,  a 
putative  palmitoylation  site,  was  mutated  to  Ala,  and  Tyr™  at  the  Vllth  TM-C  tail  junction,  which  is  part  of  a  NPX„Y-type  mternahzatmn  mohf 
was  mutated  to  Ala.  Serine  and  threonine  residues  in  the  C-tail,  which  could  serve  as  potential  sites  for  phosphorylation,  are  shown  as  shaded 
circles.  Additional  phosphorylation  sites  in  the  third  intracellular  loop  are  also  marked  in  the  left  hand  panel  (PU4). 


Very  little  is  currently  known  about  the  molecular  determi¬ 
nants  of  the  desensitization  and  internalization  responses  of 
the  SSTR  family.  For  other  GPCRs,  the  presence  in  the  C-tail 
of  Ser  and  Thr  phosphorylation  sites  as  well  as  Tyr  internal¬ 
ization  signals  is  critically  important  in  these  processes  (6, 19). 
In  the  present  study  we  have  characterized  by  mutagenesis  the 
structural  domains  in  the  C-tail  ofhSSTR5  necessary  for  agonist- 
dependent  desensitization  and  internalization.  We  show  that 
the  C-tail  of  hSSTR5  is  critical  for  internalization,  receptor 
coupling  to  adenylyl  cyclase,  and  acute  desensitization  re¬ 
sponses.  Although  internalization  and  signaling  both  require 
the  C-tail,  they  are  independent  functions  of  the  receptor, 
which  appear  to  be  residue-specific  in  the  case  of  internaliza¬ 
tion,  or  dependent  on  the  length  of  the  C-tail  for  coupling  to 
adenylyl  cyclase. 

EXPERIMENTAL  PROCEDURES 

Ma terials — S ST-28  and  Leu8-D-Trp22-Tyr25  SST-28  (LTT  SST-28) 
were  from  Bachem  (Marina  Del  Rey,  CA).  The  fluorescent  SST  ligand, 
a-fluoresceinyl-  [D-Trp8]  SST- 14  (fluo-SST)  was  from  Advanced  Biocon¬ 
cept,  Montreal,  Quebec.  Phenylmethylsulfonyl  fluoride,  bacitracin,  and 
GTPyS  were  from  Sigma.  Pertussis  toxin  was  from  List  Biological 
Laboratories.  Ham’s  F-12  medium,  fetal  bovine  serum,  and  G418  were 
from  Life  Technologies,  Inc..  Carrier-free  Na125I  was  obtained  from 
Amersham  Pharmacia  Biotech.  Rhodamine-conjugated  goat  antirabbit 
IgG  was  from  Jackson  Immunoresearch  Labs  (West  Grove,  PA).  Cyclic 
AMP  radioimmunoassay  kits  were  obtained  from  Diagnostic  Products 
Corp.  (Los  Angeles,  CA).  All  other  reagents  were  of  analytical  grade  and 
purchased  from  various  suppliers. 

Construction  of  Wild  Type  Cassette  sstr5  cDNA  and  Mutant  sstr5 
cDNAs — A  hSSTR5  cassette  gene  consisting  of  five  cDNA  fragments 
corresponding  to  consecutive  segments  of  hSSTR5  was  created  as  de¬ 
scribed  previously  by  introducing  silent  mutations  to  generate  unique 
restriction  sites  to  facilitate  the  manipulation  of  the  sequence  as  dis¬ 
crete  restriction  fragments  (20).  Using  this  construct,  a  series  of  point 
mutations  in  the  C-tail  of  hSSTR5  were  created  to  investigate  the  role 
of  the  length  and  of  specific  residues  in  the  signaling,  desensitization, 
and  internalization  properties  of  the  receptor  (Fig.  1).  The  wt  hSSTR5 
cytoplasmic  tail  (C-tail)  contains  55  amino  acid  residues  with  7  serine 
and  threonine  residues  that  could  serve  as  putative  phosphorylation 
sites.  Stop  codons  were  introduced  at  positions  318,  328,  338,  and  347  to 
produce  truncated  receptors  with  variable  length  C-tail.  The  A3 18  trun¬ 
cation  contains  only  10  amino  acid  residues,  with  one  serine  residue  at 
position  314.  The  A328  contains  20  amino  acid  residues  in  the  C-tail  and 


incorporates  the  cAMP-dependent  protein  kinase  phosphorylation  site 
at  Ser325.  The  A338  truncation  contains  30  amino  acid  residues  in  the 
C-tail.  The  A347  mutant  contains  39  amino  acid  residues  and  includes 
the  342QQQEAT347  motif,  a  putative  G  protein  receptor  kinase  phospho¬ 
rylation  site.  A  palmitoylation  site  on  a  conserved  Cys  residue  present 
in  the  C-tail  of  many  GPCRs  has  been  shown  to  be  important  for 
receptor  sequestration.  Such  a  site  is  present  on  Cys320  of  hSSTR5  and 
was  mutated  to  Ala.  The  Tyr  residue  in  the  NPX^Y  motif  located  at  the 
junction  of  the  Vllth  transmembrane  (TM)  helix  and  the  C-tail  acts  as 
an  internalization  signal  for  a  number  of  G  protein-coupled  receptors. 
This  motif  exists  in  hSSTR5  as  NPVLY  and  was  mutated  at  the  Tyr 
position  to  Ala.  Desired  mutations  were  introduced  into  the  Mlul-EcoRl 
fragment  of  the  cassette  construct  (20).  Point  mutations  were  created 
using  the  PCR  overlap  extension  technique;  for  the  C-tail-truncated 
mutants,  oligonucleotide  primers  were  used  that  contain  an  appropri¬ 
ately  placed  stop  codon  (20).  Mutated  DNA  fragments  were  used  to 
replace  the  corresponding  wild  type  restriction  fragment  in  the  cassette 
construct  in  the  expression  vector  pTEJ8.  The  structure  of  the  cassette 
construct  and  the  mutated  cDNAs  was  confirmed  by  sequence  analysis 
(University  Core  DNA  Service,  University  of  Calgary,  Calgary,  Alberta, 
Canada).  CHO-K1  cells  were  transfected  with  cDNAs  for  wild  type  or 
mutant  receptors  by  the  Lipofectin  method,  and  stable  G418-  resistant 
nonclonally  selected  cells  were  prepared  for  study. 

Binding  Assays — CHO-K1  cells  expressing  wild  type  and  mutant 
hSSTR5  were  cultured  to  -70%  confluency  in  D-75  flasks  in  Ham’s  F-12 
medium  containing  10%  fetal  calf  serum  and  700  pg/ml  G418.  The  cells 
were  washed  and  pelleted  by  centrifugation,  and  membranes  were 
prepared  by  homogenization.  Binding  studies  were  carried  out  for  30 
min  at  37  °C  with  20-40  /xg  of  membrane  protein  and  125I-LTT  SST-28 
radioligand  as  described  previously  (13,  20).  To  determine  G  protein 
coupling  of  the  expressed  receptors,  the  effect  of  treatment  with  10  '4  M 
GTPyS  for  30  min  on  125I-LTT  SST-28  binding  to  membranes  from  cells 
expressing  wild  type  and  mutant  SSTRs  was  evaluated.  In  addition, 
binding  was  analyzed  after  pretreatment  of  membranes  with  pertussis 
toxin  (100  ng/ml)  for  2  h  at  37  °C  to  determine  pertussis  toxin  sensitiv¬ 
ity  of  the  receptor-bound  G  proteins. 

Receptor  Coupling  to  Adenylyl  Cyclase— Transfected  cells  were 
plated  in  Falcon  6-well  dishes  (2  X  105  cells/well)  and  used  two  days 
later  at  -70%  confluency.  Receptor  coupling  to  adenylyl  cyclase  was 
investigated  by  measuring  the  dose-dependent  inhibitory  effects  of 
SST-28  on  forskolin-stimulated  cAMP  accumulation.  Cells  were  ex¬ 
posed  to  1  /ulM  forskolin  with  or  without  SST-28  (10-6-10  10  m)  for  30 
min  at  37  °C,  scraped  in  1  ml  of  ice-cold  0.1  N  HC1,  and  assayed  for 
cAMP  by  radioimmunoassay.  To  study  agonist-dependent  desensitiza¬ 
tion  of  adenylyl  cyclase  response,  cells  were  preincubated  for  1  h  at 
37  °C  in  binding  buffer  with  or  without  100  nM  SST-28.  The  cells  were 
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then  washed  twice  with  cold  binding  buffer  to  remove  unbound  SST-28. 
Receptor-bound  SST-28  was  then  stripped  by  incubation  for  10  min  at 
37  °C  in  Hanks’  buffered  saline  acidified  to  pH  5.0  with  20  mM  sodium 
acetate  (acid  wash).  The  cells  were  washed  twice  and  analyzed  along 
with  control  cells  for  receptor  coupling  to  adenylyl  cyclase. 

Internalization  Experiments — Cultured  CHO-K1  cells  expressing 
wild  type  and  mutant  SSTRs  were  incubated  overnight  at  4  °C  in 
binding  buffer  with  125I-LTT  SST-28  (200,000  cpm)  with  or  without  100 
nM  SST-28  (15).  Cells  were  washed  three  times  with  ice-cold  HEPES 
binding  buffer  containing  5%  Ficoll  to  remove  unbound  ligand  and  then 
warmed  to  37  °C  for  different  times  (0,  15,  30,  and  60  min)  to  initiate 
internalization.  Surface-bound  radioligand  was  removed  by  treatment 
for  10  min  with  acid  wash  solution.  Internalized  radioligand  was  meas¬ 
ured  as  acid-resistant  counts  in  0.1  n  NaOH  extracts  of  acid-washed 
cells.  Internalization  of  receptor-bound  ligand  was  also  assessed  using 
fluo-SST.  This  peptide  binds  with  high  affinity  (IC50  4.9  nM)  to  SSTRs 
in  rat  cortical  homogenate  and  has  been  reported  to  undergo  agonist- 
dependent  internalization  in  COS-7  cells  transfected  with  SSTR2A  (16). 
CHO-K1  cells  expressing  wild  type  and  mutant  hSSTR5  receptors  were 
grown  to  ~70%  confluency.  On  the  day  of  the  experiment,  the  culture 
medium  was  removed,  and  the  cells  were  washed  and  incubated  in  1  ml 
of  binding  buffer  containing  10  nM  fluo-SST  at  4  °C  for  1-2  h.  To 
examine  internalization,  sister  cultures  were  incubated  with  fluo-SST 
under  identical  conditions  for  45  min  at  37  °C.  At  the  end  of  each 
incubation,  media  were  removed,  and  the  cells  were  washed,  mounted 
in  immunofluor,  and  viewed  under  a  Zeiss  LSM  410  inverted  confodal 
microscope  (5,  20).  All  images  were  archived  on  a  Bernoulli  multidisc 
and  printed  on  Kodak  XLS8300  high  resolution  printer. 

Immunocytochemistry — Confocal  immunofluorescence  studies  were 
performed  to  confirm  cell  surface  expression  of  the  Tyr304  — >  Ala  mutant 
in  live  unfixed  transfected  cells  using  a  rabbit  polyclonal  antibody 
directed  against  the  amino-terminal  4-11  peptide  sequence  of  hSSTR5 
as  described  previously  (5,  20). 

RESULTS 

Binding  Affinity— Table  I  shows  the  results  of  membrane 
binding  analyses  of  CHO-K1  cells  transfected  with  wt  hSSTR5 
cassette  cDNA  and  the  hSSTR5  C-tail  mutant  cDNAs.  By  sat¬ 
uration  analysis,  wt  hSSTR5  displayed  high  affinity  binding 
with  a  Kd  of  0.31  nM  and  a  Rmax  of  162  ±  42  fmol/mg  of  protein. 
The  A328,  A338,  and  the  A347  C-tail  truncation  mutants  as 


Table  I 

Binding  characteristics  of  wild  type  and  mutant  hSSTRS 


Receptor 

Kd 

^max 

nM 

fmol  l  mg  of  protein 

wt  hSSTRS 

0.31  ±  0.01 

162  ±  42 

A318  hSSTR5 

0.89  ±  0.07 

262  ±  71 

A?28  hSSTRS 

0.47  ±  0.16 

298  ±  99 

A2J38  hSSTR5 

0.41  ±  0.18 

247  ±  40 

A347  hSSTR5 

0.21  ±  0.07 

352  ±  96 

ACys320  Ala  hSSTR5 

0.40  ±  0.12 

179  ±  51 

well  as  the  Cys320  -»  Ala  mutants  displayed  binding  affinities 
of  0.21-0.47  nM,  comparable  with  that  of  wt  hSSTRS.  The  A3 18 
truncation  mutant  also  displayed  high  affinity  ligand  binding 
(Kd  0.89  nM),  which,  however,  was  3-fold  lower  than  that  of  the 
wild  type  receptor.  £max  of  the  four  C-tail  deletion  mutants 
ranged  between  247  and  352  fmol/mg  of  protein,  1.5-2-fold 
higher  than  that  of  wt  hSSTR5;  the  Rmax  of  the  Cys320  ->  Ala 
mutant  (179  ±  51  fmol/mg  of  protein)  was  comparable  with 
that  of  the  wild  type  receptor.  No  specific  binding  was  observed 
in  membranes  prepared  from  cells  transfected  with  the  Tyr304 
— >  Ala  mutant.  The  mutant  protein,  however,  was  expressed  on 
the  cell  membrane  as  determined  by  immunocytochemistry 
using  live  unfixed  cells.  Using  the  hSSTR5  primary  antibody, 
nonpermeabilized  CHO-K1  cells  expressing  wt  hSSTR5 
showed  rhodamine  immunofluorescence  localized  to  the  cell 
surface  (not  shown).  Cells  transfected  with  the  Tyr304  -»  Ala 
mutant  also  exhibited  surface  immunofluorescence  with  this 
antibody,  indicating  that  the  mutant  receptor  was  properly 
targeted  to  the  plasma  membrane.  No  specific  immunofluores¬ 
cence  was  detected  in  nontransfected  CHO-K1  cells  or  in  trans¬ 
fected  cells  probed  with  preimmune  serum  or  antigen-absorbed 
primary  antibody.  To  exclude  any  breach  of  the  plasma  mem¬ 
brane  and  labeling  of  cytosolic  structures  beneath  the  plas- 
malemna  during  incubation  with  primary  antibody,  parallel 
immunocytochemistry  was  performed  with  antibody  to  vimen- 
tin,  an  intracellular  protein.  Under  these  conditions,  vimentin 
immunoreactivity  was  detected  only  in  cells  permeabilized 
with  0.2%  Triton  X-100  but  not  in  intact  CHO-K1  cells.  These 
findings  suggest  that  the  loss  of  binding  of  the  Tyr304  -»  Ala 
mutant  is  not  due  to  a  failure  of  the  mutant  receptor  to  be 
localized  to  the  plasma  membrane  but  rather  reflects  an  im¬ 
portant  structural  requirement  of  the  Tyr  residue  in  maintain¬ 
ing  a  high  affinity  ligand  binding  conformation.  Loss  of  agonist 
binding  by  this  mutant  precluded  further  analysis  of  the  role  of 
the  Tyr304  residue  as  an  internalization  signal. 

G  Protein  Coupling — To  determine  whether  the  hSSTRS  C- 
tail  mutants  were  coupled  to  G  proteins,  the  effect  of  10 “4  m 
GTPyS  on  membrane  binding  was  assessed  in  cells  expressing 
wild  type  and  mutant  hSSTRS  receptors  (Fig.  2).  Pretreatment 
with  GTPyS  reduced  125I-LTT  SST-28  binding  of  wt  hSSTR5  to 
67  ±  2%  that  of  control.  The  four  C-tail  truncation  mutants  as 
well  as  the  Cys320  Ala  mutant  also  displayed  significant  loss 
of  radioligand  binding  of  50-70%  that  of  control,  comparable 
with  that  of  the  wild  type  receptor.  This  suggests  that  the 
mutant  receptors  are  capable  of  associating  with  G  proteins. 
Pretreatment  of  membranes  with  pertussis  toxin  also  led  to  a 
significant  40—50%  reduction  of  125I-LTT  SST-28  binding  to  the 


Fig.  2.  Effect  of  pretreatment  with 
GTPyS  (10-4  m)  and  pertussis  toxin 
(100  ng/ml)  on  125I-LTT  SST-28  bind¬ 
ing  to  membranes  prepared  from 
cells  expressing  wt  hSSTRS  and  mu¬ 
tant  hSSTR5  receptors.  Total  binding 
for  the  different  receptors  ranged  between 
7000-8000  cpm;  nonspecific  binding  was 
in  the  range  of  2400-3600  cpm.  Both 
GTPyS  and  pertussis  toxin  reduced  radio¬ 
ligand  binding  in  wild  type  and  in  all  the 
mutant  receptors  (mean  ±  S.E.  of  three 
separate  experiments).  Open  bars,  con¬ 
trol;  black  bars,  GTPyS;  shaded  bars; 
PTX ,  pertussis  toxin. 
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wild  type  and  the  C-tail  mutant  SSTRs,  suggesting  that  the 
mutant  receptors  associate  with  pertussis  toxin-sensitive  G 
proteins. 


Fig.  3.  Coupling  of  wild  type  and  C-tail  mutant  hSSTRS  recep¬ 
tors  to  adenylyl  cyclase.  Compared  with  the  wild  type  receptor, 
which  showed  a  maximum  70%  inhibition  by  SST-28  of  forskolin  (Fsk)- 
stimulated  cAMP  accumulation,  the  C-tail  deletion  mutants  displayed  a 
progressive  loss  of  the  ability  to  inhibit  forskolin-stimulated  cAMP.  The 
coupling  efficiency  of  the  Cys320  - >  Ala  mutant  was  also  attenuated. 
Forskolin-induced  12-15-fold  increase  in  cAMP  levels  to  138  ±  28 
pmol/5  x  105  cells  for  wt  hSSTRS,  134  ±  1.1  for  A318,  155  ±  4.3  for 
A328,  92  ±  3  for  A338,  70  ±  1.5  for  A347,  and  92  ±  2  for  Cys320  Ala 
mutants  (mean  ±  S.E.,  three  complete  experiments  in  triplicate). 


Coupling  to  Adenylyl  Cyclase  and  Desensitization  Respons¬ 
es — pig.  3  depicts  the  results  of  coupling  of  the  C-tail  mutants 
to  adenylyl  cyclase.  Basal  cAMP  level  in  cells  expressing  the 
mutant  receptors  was  comparable  with  that  in  cells  transfected 
with  wt  hSSTRS.  Compared  with  the  wild  type  receptor,  which 
showed  a  maximum  of  70  ±  6%  inhibition  by  SST-28  of  fors¬ 
kolin-stimulated  cAMP  accumulation,  the  C-tail  deletion  mu¬ 
tants  displayed  a  progressive  loss  of  the  ability  to  inhibit  fors¬ 
kolin-stimulated  cAMP  from  69.8  —  2%  for  the  A347  mutant  to 
63  ±  3.8%  for  the  A338  mutant  to  60  ±  3.1%  for  the  A328 
mutant.  The  Cys320  -»  Ala  mutant  showed  only  57  ±  3.4% 
maximum  inhibition  of  forskolin-stimulated  cAMP;  the  A3 18 
showed  complete  loss  of  coupling  to  adenylyl  cyclase. 

To  study  agonist-dependent  desensitization  of  adenylyl  cy¬ 
clase  responses,  parallel  studies  were  carried  out  in  sister 
cultures  preincubated  with  100  nM  SST-28  for  1  h  at  37  °C. 
Surface-bound  SST-28  was  then  removed,  and  the  cells  were 
tested  with  different  concentrations  of  SST-28  for  their  ability 
to  inhibit  forskolin-stimulated  cAMP.  Such  agonist  pretreat¬ 
ment  induced  a  marked  loss  of  the  ability  of  wt  hSSTR5  to 
inhibit  forskolin-stimulated  cAMP  from  70  ±  6%  in  control 
nontreated  cells  to  21  ±  5%  in  treated  cells  (Fig.  4).  The  mutant 
receptors  that  displayed  partial  loss  of  efficiency  for  adenylyl 
cyclase  coupling  also  showed  variable  impairment  of  their  un¬ 
coupling  responses.  The  A328  and  A347  mutants  both  retained 
some  ability  to  uncouple  from  adenylyl  cyclase,  although  the 
range  of  responses  for  maximum  forskolin-stimulated  cAMP 
inhibition  before  and  after  agonist  pretreatment  (60  ±  3.1% 
and  40  ±  1.2%  for  A328  mutant;  69.8  ±  2%  and  45.4  ±  3.3%  for 
A  347  mutant)  was  markedly  attenuated  compared  with  the 
native  receptor.  The  A338  mutant  displayed  virtually  complete 
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Fig.  4.  Agonist-dependent  desensitization  of  the  inhibition  of  adenylyl  cyclase  by  wild  type  and  C-tail  mutant  hSSTR5  receptors. 
CHO-K1  cells  expressing  the  receptors  was  preincubated  with  100  nM  SST-28  for  1  h  at  37  °C.  Surface-bound  SST-28  was  then  removed,  and  the 
cells  were  tested  with  different  concentrations  of  SST-28  for  their  ability  to  inhibit  forskolin  (Fsk)-stimulated  cAMP.  Such  agonist  pretreatment 
induced  marked  desensitization  of  the  ability  of  wt  hSSTRS  to  inhibit  adenylyl  cyclase.  The  mutant  receptors  displayed  variable  loss  of  efficiency 
for  adenylyl  cyclase  coupling,  which  in  each  case  was  only  partial  compared  with  that  of  wt  hSSTR5.  Maximum  forskolin-stimulated  cAMP  levels 
(pmol/5  X  105  cells)  after  SST-28  pretreatment,  were  109  ±  2.6  (wt  hSSTRS),  88  ±  1.9  (A328),  93  ±  2  (A338),  74  ±  1.7  (A347),  78  _  1.5  (A320) 
(mean  ±  S.E.  of  three  experiments  in  triplicate).  •,  control;  O,  pretreatment  with  1  X  10  7  SST-28. 
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Fig.  5.  Time-dependent  internalization  of  125I-LTT  SST-28  spe¬ 
cifically  bound  to  plasma  membrane  hSSTR5  and  mutant 
hSSTRS  receptors  stably  expressed  in  CHO-K1  cells.  Surface- 
bound  radioligand  was  removed  by  acid  wash,  and  internalized  radio¬ 
ligand  was  measured  as  acid-resistant  counts  in  0.1  N  NaOH  extracts  of 
acid-washed  cells  and  expressed  as  a  percent  of  specifically  bound 
surface  radioligand.  Total  binding  for  the  various  receptors  ranged 
between  8200-11,000  cpm,  and  nonspecific  binding  ranged  between 
2600-3850  cpm  (mean  ±  S.E.  of  three  independent  experiments. 

loss  of  the  ability  to  uncouple  from  adenylyl  cyclase  with  ago¬ 
nist  preexposure  (63  ±  4%  and  53  ±  2.3%  maximum  forskolin- 
stimulated  cAMP  inhibition).  Like  the  A328  and  A347  mutants, 
the  Cys320  Ala  mutant  retained  some  ability  to  uncouple 
from  adenylyl  cyclase  inhibition  with  SST-28  pretreatment  but 
with  a  blunted  response  (57  ±  3.4%  and  43  ±  2.4%  maximum 
forskolin-stimulated  cAMP  inhibition)  compared  with  the  wild 
type  receptor. 

Internalization  of  Receptor  Bound  125I-LTT  SST-28 — Inter¬ 
nalization  of  125I-LTT  SST-28  ligand  was  studied  in  stably 
transfected  CHO-K1  cells  initially  treated  with  ligand  for  12  h 
at  4  °C  to  allow  for  equilibrium  binding  but  to  limit  internal¬ 
ization  (Fig.  5).  Switching  from  4  to  37  °C  led  to  a  rapid  time- 
dependent  internalization  of  radioligand  that,  in  the  case  of  wt 
hSSTRS,  reached  a  maximum  of  66  ±  2%  at  60  min  (Fig.  5). 
Truncation  of  the  C-tail  to  318  and  328  residues  produced 
moderate  decreases  in  receptor  internalization  to  46%  at  60 
min.  Truncation  to  338  residues  led  to  a  dramatic  loss  of  radio¬ 
ligand  internalization  of  only  23  ±  3%  at  60  min.  In  contrast, 
truncation  to  347  residues  improved  the  efficiency  of  internal¬ 
ization  even  more  than  that  of  the  wild  type  receptor  (72  ±  3% 
compared  with  66%).  This  suggests  the  presence  of  a  positive 
internalization  signal  between  residues  338  and  347  and  a 
negative  signal  between  347  and  364  residues  and  328  and  338 
residues.  Mutation  of  the  Cys320  palmitoylation  site  reduced 
ligand  internalization  to  42  ±  3%  at  1  h.  The  extent  of  the  loss 
of  internalization  of  this  mutant  was  comparable  with  that  of 
the  A3 18  mutant,  which  also  lacked  the  Cys320  residue  and 
suggests  an  important  function  of  the  palmitoylation  anchor  in 
producing  the  impaired  internalization  of  both  these  mutant 
receptors. 

The  pattern  of  internalization  obtained  by  radioligand  bind¬ 
ing  was  confirmed  directly  with  fluo-SST-14  ligand,  whose  sur- 
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Fig.  6.  Confocal  fluorescent  images  of  CHO-K1  cells  express¬ 
ing  wild  type  and  mutant  hSSTR5  incubated  with  a  fluorescent 
SST-14  ligand  (fluo-SST)  at  either  4  °C  {left  hand  panels)  or  37  °C 
{right  hand  panels ).  Cells  expressing  wild  type  or  mutant  hSSTR5 
displayed  specific  fluorescent  labeling  at  4  °C,  which  was  localized 
almost  exclusively  to  the  cell  surface.  Incubation  at  37  °C  resulted  in 
variable  endocytosis  of  the  fluorescent  ligand  to  intracellular  vesicular 
structures.  Panels  A  and  B,  wild  type  hSSTR5;  panels  C  and  D,  A  320 
hSSTR5  mutant;  panels  E  and  F,  A328  hSSTR5  mutant;  panels  G  and 
H,  A  338  hSSTRS  mutant;  panels  I  and  J,  A  347  hSSTR5  mutant;  panels 
K  and  L,  Cys320  Ala  mutant  (X250). 

face  binding  and  endocytosis  in  transfected  CHO-K1  cells  was 
traced  by  confocal  microscopy.  Fig.  6  shows  confocal  fluorescent 
images  of  cells  incubated  with  fluo-SST  at  either  4  °C  {left  hand 
panels)  to  inhibit  internalization  or  at  37  °C  {right  hand  panels ) 
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to  promote  internalization.  CHO-K1  cells  expressing  either  the 
wild  type  or  mutant  hSSTRs  displayed  specific  fluorescent 
labeling  at  4  °C  that  was  localized  almost  exclusively  to  the  cell 
surface  ( patiel  A).  Incubation  of  wt  hSSTR5  with  fluo-SST  at 
37  °C  resulted  in  the  transfer  of  the  fluorescent  ligand  to  in¬ 
tracellular  vesicular  structures  ( panel  B).  Temperature- 
dependent  internalization  of  the  fluorescent  ligand  was  also 
observed  for  the  A320  ( panels  C  and  D)  and  A328  ( panels  E  and 
F)  mutants,  although  the  amount  of  intracellular  labeling  was 
reduced  compared  with  the  wild  type  receptor.  In  the  case  of 
the  A3 38  mutant,  there  was  minimal  fluorescent  labeling  of  a 
few  intracellular  vesicles  directly  beneath  the  plasma  mem¬ 
brane.  Overall,  however,  this  mutant  displayed  marked  inhi¬ 
bition  of  the  ability  to  endocytose  the  surface-bound  fluorescent 
ligand  (panels' G  and  H ).  In  contrast,  the  A347  mutant  exhib¬ 
ited  pronounced  internalization  of  fluo-SST-28  at  37  °C,  with 
labeling  distributed  diffusely  throughout  the  cytoplasm  (panel 
J).  Finally,  the  Cys320  Ala  mutant  displayed  the  ability  to 
internalize  fluo-SST,  but  the  overall  efficiency  of  internaliza¬ 
tion  was  impaired  compared  with  the  wild  type  receptor  (panel 
L). 

DISCUSSION 

Role  of  C-Tail  in  Ligand  Binding  and  in  Coupling  to  G 
Protein  and  Adenylyl  Cyclase — Progressive  deletion  of  the  C- 
tail  of  hSSTR5  had  no  effect  on  high  affinity  ligand  binding, 
indicating  that  the  C-tail,  like  that  of  other  GPCRs,  does  not 
influence  receptor  targeting  or  binding  conformation  (21).  Mu¬ 
tation  of  the  Tyr304  residue,  however,  produced  a  receptor 
protein  that  was  correctly  targeted  to  the  plasma  membrane 
but  which  showed  complete  loss  of  binding,  suggesting  a  critical 
role  of  Tyr304  in  ligand  binding  through  either  direct  hydropho¬ 
bic  interaction  with  SST  ligand  or  through  an  allosteric  change 
in  the  receptor  binding  conformation.  The  C-tail  as  well  as  the 
second  and  third  intracellular  loops  of  several  GPCRs  have 
been  implicated  in  G  protein  interaction  (6,  22).  Radioligand 
binding  by  all  of  the  C-tail  mutants  of  hSSTR5  was  inhibited  to 
the  same  degree  as  the  wild  type  receptor  by  GTPyS  and 
pertussis  toxin,  indicating  that  the  mutant  receptors  are  capa¬ 
ble  of  associating  with  pertussis  toxin-sensitive  G  proteins  and 
that  the  C-tail  of  hSSTR5  is  not  required  for  this  interaction. 
Interestingly,  despite  the  ability  to  associate  with  G  proteins, 
the  four  C-tail  deletion  mutants  as  well  as  the  Cys320  Ala 
mutant  displayed  reduced  efficiency  for  adenylyl  cyclase  cou¬ 
pling.  This  was  most  pronounced  in  the  case  of  the  A3 18  mu¬ 
tant,  which  showed  a  complete  loss  of  the  ability  to  inhibit 
adenylyl  cyclase.  Whether  this  mutant  can  signal  through 
other  effector  pathways  remains  to  be  seen.  There  are  two 
other  examples  of  dissociated  G  protein  and  effector  coupling 
by  C-tail  mutants  of  GPCRs.  The  first  is  the  C-tail-truncated 
postaglandin  EP3  receptor,  which  retains  the  ability  to  associ¬ 
ate  with  Gi2  but  which  shows  no  forskolin-induced  inhibition  of 
cAMP  acccumulation,  identical  to  the  A3 18  hSSTR5  mutant 
(23).  The  second  is  an  Ala  -»  Glu  substitution  in  the  distal  third 
intracellular  loop  of  the  gastrin-releasing  peptide  receptor, 
which  abrogates  phospholipase  C  coupling  while  retaining  full 
efficacy  for  G  protein  interaction  (24).  In  contrast  to  the  C-tail 
of  hSSTRS,  which  is  required  for  inhibitory  regulation  of  ad¬ 
enylyl  cyclase,  the  naturally  occurring  SSTR2B  splice  variant 
with  a  shorter  C-tail  length  than  SSTR2A  is  more  efficiently 
coupled  to  adenylyl  cyclase  (25). 

Role  ofC-Tail  in  Mediating  Acute  Desensitization — We  found 
that  hSSTR5  stably  expressed  in  CHO-K1  cells  was  desensi¬ 
tized  by  agonist  pretreatment.  Phosphorylation  of  the  rat 
SSTR2A  receptor  primarily  on  serine  residues  and  of  the  rat 
SSTR3  receptor  on  both  serine  and  threonine  residues  in  the 
C-tail  has  been  reported  to  be  crucial  for  desensitization  and 


internalization  of  these  two  subtypes  (17, 18).  hSSTRS  features 
three  serine  (Ser314,  Ser325,  Ser361)  and  four  threonine  (Thr333, 
Thr347,  Thr351,  Thr360)  residues  fn  the  Crtail  (Fig.  1).  The  Ser325 
and  Thr360  sites  fit  the  consensus  sequence  for  phosphorylation 
by  protein  kinase  A  and  protein  kinase  C,  respectively,  and  the 
Thr347  position  qualifies  as  a  putative  G  protein-coupled  recep¬ 
tor  kinase  phosphorylation  site  (26).  The  third  intracellular 
loop  of  this  receptor  displays  three  additional  sites  for  phos¬ 
phorylation  by  second  messenger-activated  kinases.  The  ability 
of  the  A347  mutant  to  be  desensitized  by  agonist  to  the  same 
degree  as  the  wild  type  receptor  suggests  that  the  Thr351, 
Thr360,  and  Ser361  sites  in  the  distal  C-tail  play  a  minimal  role 
in  the  desensitization  response.  In  contrast,  the  resistance  of 
the  A338  mutant  to  despnsitization  suggests  an  important  role 
of  Thr  347  in  the  putative  G  protein  receptor  kinase  phospho¬ 
rylation  site.  This  role,  however,  cannot  be  absolute  since  the 
A328  mutant,  which  also  lacks  the  Thr347  residue,  underwent 
significant  desensitization.  A  conserved  cysteine  residue  11-12 
amino  acids  downstream  from  the  7th  TM  is  found  in  the  C-tail 
of  most  GPCRs  and  serves  as  a  palmitoylation  membrane  an¬ 
chor  for  a  fourth  intracellular  loop.  Palmitoylation  induces 
differential  changes  in  G  protein  coupling,  desensitization,  in¬ 
tracellular  trafficking,  and  internalization  of  different  GPCRs 
(27,  28).  In  the  case  of  hSSTR5,  the  Cys320  Ala.  mutant 
displayed  poor  ability  to  uncouple  from  adenylyl  cyclase,  indi¬ 
cating  an  important  role  of  C-tail  palmitoylation  in  the  desen¬ 
sitization  response  of  this  receptor.  Overall,  these  studies  sug¬ 
gest  that  the  C-tail  plays  a  prominent  role  in  agonist-induced 
desensitization  of  hSSTRS  through  both  specific  motifs,  which 
may  serve  as  sites  for  phosphorylation,  as  well  as  through 
conformational  changes  in  the  C-tail  of  the  agonist-occupied 
receptor,  which  may  determine  its  substrate  specificity  for 
phosphorylation. 

Role  of  C-Tail  in  Mediating  Receptor  Internalization — The 
C-tail  segment  of  hSSTR5  is  not  only  critical  for  receptor  cou¬ 
pling  to  adenylyl  cyclase  and  in  mediating  acute  desensitiza¬ 
tion  responses  but  also  plays  an  important  role  in  regulating 
agonist-induced  receptor  internalization.  This  is  in  agreement 
with  previous  studies  that  have  shown  that  the  C-tail  of  many 
other  GPCRs,  e.g.  receptors  for  angiotensin  11^  (29),  /32  adre¬ 
nergic  (30),  m2  muscarinic  (31),  luteinizing  hormone/human 
chorionic  gonadotrophin  (32),  parathyroid  hormone  (33),  thy- 
rotrophin  releasing  hormone  (34),  neurotensin  (35),  and  chole- 
cystokinin  (36),  is  also  involved  in  internalization.  Our  results 
indicate  that  mutant  receptors  with  variable  length  C-tails  are 
differentially  internalized.  Truncation  of  the  C-tail  at  positions 
318  and  328  attenuated  receptor  internalization  only  partially 
from  66  to  46%  at  60  min.  This  suggests  that  the  C-tail  distal 
to  position  318,  which  contains  multiple  phosphorylation  sites 
including  the  putative  G  protein  receptor  kinase  site  on  Thr347, 
although  important,  is  not  a  critical  determinant  of  endocyto- 
sis.  Furthermore,  the  comparable  rates  of  internalization  of  the 
A328  mutant,  which  contains  the  putative  protein  kinase  A  site 
at  Ser325,  and  the  A3 18  mutant,  which  does  not,  excludes  a  role 
of  the  protein  kinase  A  site  in  agonist-induced  hSSTR5  inter¬ 
nalization.  Truncation  of  the  C-tail  to  338  residues  led  to  a 
dramatic  loss  of  internalization.  This  mutant  has  10  more 
residues  than  A328  that  appear  to  contain  potent  negative 
endocytic  signals.  The  A347  deletion  mutant  internalized 
slightly  more  than  the  wild  type  receptor,  suggesting  that  the 
nine-amino  acid  residue  stretch  between  positions  338  and  347 
harbors  a  positive  internalization  signal,  likely  on  Thr347  in  the 
putative  G  protein  receptor  kinase  phosphorylation  site.  Fur¬ 
thermore,  the  ability  of  the  A347  mutant  to  internalize  more 
than  the  wild  type  receptor  argues  for  a  second  negative  endo¬ 
cytic  signal  in  the  extreme  C-tail  segment  distal  to  residue  347. 
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Negative  endocytic  signals  have  been  postulated  in  the  case  of 
the  luteinizing  hormone/human  chorionic  gonadotrophin  and 
parathyroid  hormone/parathyroid  hormone -related  protein  re¬ 
ceptors  (32,  33).  The  EVQ  sequence  in  the  membrane-proximal 
C-tail,  which  is  highly  conserved  across  members  of  the  para¬ 
thyroid  hormone/secretin  receptor  family  has  been  identified  as 
a  negative  endocytic  signal  for  this  receptor  subclass.  Point 
mutations  in  the  328—338  and  347-363  segment  of  hSSTR5 
C-tail  will  help  to  determine  whether  there  are  similar  struc¬ 
tural  motifs  in  this  receptor  capable  of  acting  as  negative  en¬ 
docytic  regulators.  The  palmitoylation-defective  hSSTR5  mu¬ 
tant  showed  reduced  internalization  comparable  with  that 
reported  for  the  thyrotrophin-releasing  hormone  (34)  and  va¬ 
sopressin  V2  (37)  receptors  but  different  from  the  palmitoyla- 
tion-deficient  luteinizing  hormone/human  chorionic  gonadotro¬ 
phin  receptor,  which  displays  enhanced  internalization  (38). 
Tyrosine-based  internalization  signals  on  NPX^Y-type  motifs 
are  common  to  many  classes  of  membrane  receptors  (39).  In  the 
case  of  GPCRs,  a  conserved  NPXXY  sequence  at  the  interface 
between  the  Vllth  TM  and  the  C-tail  serves  as  an  endocytic 
signal  for  some  receptors  (19).  In  other  GPCRs  such  as  the 
gastrin-releasing  peptide  and  the  angiotensin  II  receptors, 
however,  an  identical  NPXXY  motif  has  no  effect  on  receptor 
sequestration,  arguing  against  a  general  role  for  this  sequence 
(40,  41).  This  motif  is  found  in  all  members  of  the  SSTR  family, 
but  since  its  mutation  in  the  case  of  hSSTR5  abolished  high 
affinity  ligand  binding,  it  will  be  difficult  to  characterize  its 
function  as  an  endocytic  signal. 

Relationship  Between  Receptor  Signaling  and  Internaliza¬ 
tion — An  important  question  concerning  GPCRs  is  the  relation¬ 
ship  between  receptor  signaling  and  internalization.  Although 
there  has  been  some  controversy  in  the  past,  many  recent 
studies  have  suggested  that  the  two  events  can  be  readily 
dissociated  (24,  29,  36,  42,  43).  For  instance,  receptor  muta¬ 
tions  that  inhibit  G  protein  coupling  or  signaling  do  not  prevent 
endocytosis  (24,  29,  36,  42,  43).  The  addition  of  second  messen¬ 
gers  such  as  phorbol  12-myristate  13-acetate,  Ca2+,  and  cAMP 
fails  to  stimulate  internalization  of  mutant  thyrotrophin-re¬ 
leasing  hormone  receptors  or  antagonist-blocked  luteinizing 
hormone/human  chorionic  gonadotrophin  receptors  that  cannot 
activate  phospholipase  C  or  adenylyl  cyclase  (34,  36).  A  chole- 
cystokinin  antagonist  has  been  reported  to  induce  receptor 
internalization  independent  of  G  protein  coupling,  signaling 
events,  and  receptor  phosphorylation  (36).  The  human  musca¬ 
rinic  receptor  subtype  1  has  been  shown  to  undergo  internal¬ 
ization  by  interaction  with  antibody  against  an  epitope  tagged 
to  the  amino  terminus,  independent  of  exogenous  ligand  or 
second  messenger  activation  (44).  The  dissociated  effects  of  the 
hSSTR5  C-tail  mutants  on  adenylyl  cyclase  coupling  and  inter¬ 
nalization  lend  further  support  to  these  arguments.  For  in¬ 
stance,  there  was  no  correlation  between  the  progressive  loss  of 
the  ability  of  the  C-tail  deletion  mutants  of  hSSTRS  to  inhibit 
adenylyl  cyclase  and  receptor  internalization,  which  was  both 
inhibited  or  accelerated.  In  particular,  the  A3 18  mutant,  which 
was  rendered  inert  with  respect  to  its  ability  to  inhibit  adenylyl 
cyclase,  nonetheless  exhibited  reduced  internalization.  Al¬ 
though  activation  of  second  messenger  systems  may  exert  a 
secondary  influence  on  the  internalization  process,  the  collec¬ 
tive  findings  from  all  of  these  studies  suggest  that  internaliza¬ 
tion  is  an  intrinsic  property  of  most  receptors,  dependent  on 
specific  conformational  changes  rather  than  receptor  signaling 
capability. 

In  conclusion,  we  have  shown  that  the  C-tail  of  hSSTR5 
serves  a  multifunctional  purpose  in  mediating  effector  cou¬ 
pling,  agonist-dependent  desensitization,  and  internalization. 
Receptor  coupling  to  adenylyl  cyclase  is  dependent  on  the 


length  of  the  C-tail,  whereas  desensitization  and  internaliza¬ 
tion  require  specific  structural  domains.  Since  SSTR5  is  the 
principal  SSTR  subtype  in  tissues  such  as  the  pituitary,  eluci¬ 
dation  of  the  molecular  signals  underlying  these  processes  will 
provide  a  better  understanding  of  the  function  of  this  receptor 
during  prolonged  agonist  treatment  normally  and  in  disease 
such  as  pituitary  tumors. 
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I  ■  ■ 

SlufipIfesT^EefcT rfeyiR'Sd  S£i4(xl2S  jil&fir&en  se  ;tions/tumor  from  the  Manitoba  Breast  Tumor 
Bank.  mRNA  for  hSSTRl-5  was  determined  jy  RT-PCR  followed  by  Soutbem  blots.  The 
relative  abundance  of  SSTR  mRNA  was  [calculated  as  a  ratio  of  the  densitometric 
|  hybridization  signal  for  SSTRs  compared]  to  actin.  Adjacent  tumor  sections  were 
!  characterized  histologically  for  tumor  grade  (jNottingham  Scale),  invasiveness,  and  ER/PR 
j  status).  Of  the  66  ductal  NOS  tumors,  93%  w$re  positive  for  at  least  1  SSTR  subtype.  89% 

:  expressed  multiple  SSTR  mRNAs;  32%  were*  positive  for  all  five  SSTR  mRNAs  and  42% 

1  were  positive  for  3  or  4  SSTR  mRNAs.  hS&TR3  was  expressed  in  56/66  tumors  (85%), 

]  hSSTR5  in  55/66  (83%),  hSSTR2  in  44/66  (6>/0),  hSSTR4  in  44/66  (67%),  and  hSSTRl  in 
:  38/66  (58%).  The  relative  amount  of  SSTR1  mRNA  was  highest  for  SSTR5  (8.3  fold  vs 
j  actin)>  followed  by  SSTR1  (7.4),  SSTR2  (*7.2),  SSTR3  (6.3),  and  SSTR4  (5.2).  No 
j  correlation  was  found  between  SSTR  expression,  tumor  size,  lymph  node  status,  or  ER/PR 
j  status.  However,  there  was  a  trend  toward^  lower  total  SSTR  expression  in  high  grade 
;  tumors  and  higher  expression  in  low  grade  jtumors.  The  small  group  of  tubular/lobular 
j  cancers  generally  expressed  lower  amounts  qf  SSTR  mRNAs,  subtypes  4  and  5  being  the 
j  predominant  species.  We  have  developed  antipeptide  rabbit  polyclonal  antibodies  against  the 
:  5  hSSTRs  and  have  begun  to  analyse  a  subgroup  of  tumor  samples  by  immunocytochemistry. 
Initial  results  show  abundant  expression  of  iSSTR  proteins  in  tumor  cells  as  well  as  in 
peritumoral  structures  especially  the  muscle  lasers  of  blood  vessels  and  in  immune  cells.  The 
presence  of  SSTR  mRNA  generally  correlates  well  with  receptor  protein  expression. 

SSTR  Subtype  Selectivity  For  Antiproliferative  Signalling 

!  We  have  investigated  subtype  selectivity  of  S  3TRs  for  cytotoxic  (apoptosis)  and  cytostatic 
(growth  arrest  actions)  and  shown  that  the  cyto  :oxic  action  is  signalled  uniquely  viahSSTR3. 
hSSTR3  signalled  apoptosis  is  associated  with  induction  of  wild  type  p53  (secondary  to 
dephosphorylation  dependent  conformational  jchange)  and  of  Bax  and  endonuclease  II.  By 
contrast,  the  other  4  SSTR  subtypes  signal  cell  cycle  arrest  with  the  following  rank  order: 
hSSTR5  >  hSSTR2  >  hSSTR4  >  hSSTRl.  Tjiese  changes  are  associated  with  induction  of 
the  retinoblastoma  protein  pRB  and  the  cyclin-|dependent  kinase  inhibitor  p21 .  The  subtype 
selective  antiproliferative  actions  of  SSTRs  kre  dependent  on  pertussis  toxin  sensitive  G 
proteins  and  are  abolished  by  orthovanadati,  an  inhibitor  of  PTP.  The  structural  and 
functional  determinants  which  dictate  hSSTRj  subtype  selective  antiproliferative  signalling 
are  currently  under  investigation.  In  parallel  'studies  we  have  examined  the  nature  of  anti- 
I  proliferative  signalling  by  SST  analogs  in  ERJf  and  ER-  human  breast  cancer  cell  lines  and 
!  shown  that  apoptosis  is  dependent  on  ER  expression.  Studies  are  underway  to  investigate 
whether  estrogens  modulate  the  expression  of  SSTRs  and  whether  it  is  subtype  selective  for 
•  hSSTR3.  | 
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